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Follicle stimulating hormone (FSH) is a glycoprotein consisting of an a subimit 
and a unique (3 subunit, and it is an essential regulator of gonadal development and 
function in vertebrates including teleosts. FSH is regulated by a variety of 
neuroendocrine and endocrine factors and its biosynthesis is primarily determined by 
the expression of the (3 subunit. Previous in vitro studies from our laboratory 
demonstrated that activin stimulated FSH/5 expression in both the primary culture of 
goldfish pituitary cells and the mouse gonadotrope cell line L/3T2 cells transfected 
with goldfish FSH/3 (gfFSH/3) promoter-reporter constructs. However, little is 
known about the signal transduction pathway involved in the transcriptional 
activation of this gene by activin. As activin signals by interacting with a 
heteromeric receptor complex and intracellular signaling proteins, Smad 2, Smad 3, 
Smad 4 and Smad 7，we investigated the involvement of these Smads in the 
I 
activin-stimulated gfFSH/3 expression in the present study. 
To study the participation of Smads in regulating gfFSH/? promoter, we first 
cloned full-length cDNAs for goldfish Smad 2，Smad 3，Smad 4 and Smad 7 from 
the pituitary, which show high sequence conservation with their counterparts of 
mammals. The spatial expression of these Smads overlapped with that of activin 
subunits and its receptors in various tissues examined. In addition, we investigated 
the regulation of Smad 2，3，4 and 7 in cultured goldfish pituitary cells. Activin 
i 
induced Smad 3 and Smad 7 expression, but not Smad 2 and Smad 4. 
To investigate the roles of Smads in gfFSH/3 transcription, co-transfection of 
Smad 2 or Smad 3 cDNA with the reporter construct of gfFSH/5 promoter-SEAP 
(secreted alkaline phosphatase) into the L/5T2 cells significantly enhanced the basal 
and activin-stimulated SEAP expression while Smad 7 reduced the activin-induced 
gfFSHjS transcription. Interestingly, the effect of over-expressing Smad 3 is much 
higher than that of Smad 2，suggesting that Smad 3 is likely the principal signal 
transducing molecule involved in activin stimulation of FSHjS expression in the 
goldfish. Also, overexpression of Smad 4 alone has no effect on the transcription 
but it exhibited a synergistic activity with Smad 2 and Smad 3 on the FSH/5 
promoter. 
To determine the presence of any Smad regulatory elements (SREs) on the 
gfFSH/5 promoter, Smad 2 or Smad 3 cDNA was co-transfected with SEAP reporter 
constructs containing gfFSH/? promoter of different lengths. Several putative SREs 
have been identified in the gfFSH/? promoter region. Although activin was initially 
identified as a stimulator of FSH secretion, this work represents one of the first 











由於激活素透過其信號傳導分子Smads (Smad 2，Smad 3, Smad 4和S m a d 7) 
來調控基因表達，爲闡明這些分子在FSH/3調控中的作用，本硏究成功地從 
金魚腦垂體中克隆了 Smad 2, Smad 3，Smad 4和Smad 7 � 序列分析顯示’這 
些分子與哺乳動物的具高度同源性。它們在金魚體內的不同組織中廣泛地表 
達。除此之外，本文還就激活素對其傳導分子在金魚腦垂體中的表達進行了 




2或Smad 3都能刺激FS即的表達，而Smad 3的刺激作用遠比Smad 2的強° 
Smad 7則抑制FSHiS的表達，但Smad 4只有和Smad 2及Smad 3同時存在時 
才能對FSH/3的表達有顯著的作用。 
由於Smad 2或Smad 3可直接刺激金魚FSH/3基因的轉錄’因此硏究FSH|8 
啓動子上哪部份與激活素信號傳導分子的作用相關將有助於闡明激活素作用的 
分子機制。本硏究發現’在金魚FSH|8啓動子上’有數個潛在的激活素信號 
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In vertebrates, the hypothalamic-pituitary-gonadal axis plays a critical role in 
reproductive activities. In this axis, gonadotropins (GTHs) are synthesized and 
secreted by gonadotropes in the pituitary and act on the gonads to regulate gonadal 
development and functions including the production of the sex steroids. In 
mammals, two gonadotropins are produced by the pituitary gland, namely 
follicle-stimulating hormone (FSH) and luteinizing hormone (LH). In teleost fish, 
two types of gonadotropins, FSH (formerly termed GTH-I) and LH (formerly termed 
GTH-II), have also been characterized in various species (Copeland and Thomas, 
1993; Elizur et al.，1996; Garcia-Hemandez et al.，1997; Koide et al.，1993; Okada et 
al.，1994; Santos et al , 2001; Suzuki et al., 1988b; Swanson et al., 1991; Van der 
Kraak et al., 1992). 
The production and secretion of gonadotropins are regulated by a variety of 
factors from different sources including gonadotropin-releasing hormone (GnRH) 
from the brain, sex steroids from the gonads and activin/follistatin system in the 
pituitary (Carmel et al” 1976; Ling et al., 1986b; Trudeau et al., 1993; Vale et al., 
1986). As gonadotropins play fundamental roles in controlling vertebrate 
reproduction, studies on the structure, function and regulation of the two 
gonadotropins have been one of the most important research areas in reproductive 
physiology and endocrinology. This chapter serves to describe background 
information about the structure, function and regulation of gonadotropins in 




Gonadotropins belong to the glycoprotein hormone family which also includes 
thyroid-stimulating hormone in the pituitary and chorionic gonadotropin in the 
placenta. FSH and LH, in tetrapod species, are heterodimeric proteins consisting of 
two noncovalently linked and N-glycosylated subunits, a and (3 subunits (Fig 1-1). 
The glycoprotein a subunit is common to all the glycoprotein hormones, but the (3 
subunit is hormone-specific and determines biological activity and specificity of the 
hormone (Pierce and Parsons, 1981). 
In teleosts, a single gonadotropin (LH-like GTH) was considered to regulate the 
whole process of reproduction for many years (Jolles et al.，1977; Le Menn and 
Burzawa-Gerard, 1985) until 1988 when two chemically distinct GTHs, GTH I and 
GTH II，were first isolated and characterized in the chum salmon {Oncorhynchus 
keta) (Suzuki et al., 1988b). Since then, the two GTHs have been isolated from a 
number of fish species including the coho salmon {Oncorhynchus kisutch) (Swanson 
et a l , 1991), common carp {Cyprinius carpio) (Van der Kraak et a l , 1992), bonito 
{Katsuwonus plelamis) (Koide et al.，1993)，Atlantic croaker (Micropogonias 
undulatus) (Copeland and Thomas, 1993), tuna {Thunnus obesus) (Okada et a l , 
1994), gilthead seabream {Sparus aurata) (Elizur et al., 1996), Mediterranean 
yellowtail (Seriola dumerilii) (Garcia-Hemandez et al., 1997) and rainbow trout 
{Oncorhynchus mykiss) (Santos et al., 2001). In addition, molecular cloning further 
demonstrated two chemically distinct GTHs in the chum salmon (Itoh et al., 1988; 
Sekine et al., 1989)，killifish {Fundulus heteroclitus) (Lin et al., 1992)，masu salmon 
{Oncorhynchus masou) (Kato et al., 1993), striped bass {Morone saxatilis) (Hassin et 
a l , 1995), goldfish {Carassius auratus) (Yoshiura et al., 1997)，blue gourami 
{Trichogaster trichopterus) (Jackson et a l , 1999)，tilapia {Oreochromis niloticus) 
2 
(Rosenfeld et al.，1997)，Japanese ed {Anguilla japonicd) (Nagae et al.，1996; 
Yoshiura et al., 1999)，Manchurian trout {Brachymystax lenok) (Choi et al.，2003)， 
three-spined stickleback {Gasterosteus aculeatus) (Hellqvist et a l , 2003), pejerrey 
fish {Odontesthes bonariensis) (Miranda et al., 2003)， sevenband grouper 
{Epinephelus septemfasciatus) (Shein et al., 2003) and milkfish {Chanos chanos) 
(Takahashi et al., 2003). As in the tetrapods, the two GTHs in fish contain a 
common OL subunit and a specific (3 subunit (Koide et al., 1993; Nagae et al•，1996; 
Suzuki et al., 1988b; Swanson et al., 1991; Van der Kraak et al., 1992) (Fig 1-2). 
As evidence has been increasing that the structure and function of fish GTH I and 
GTH II are homologous to tetrapod FSH and LH, respectively, it has recently been 
suggested that GTH I and GTH II in fish should be named as FSH and LH, 
respectively (Swanson and Dittman, 1997). Thus, I used the nomenclatures of FSH 
and LH in the present study. 
3 
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Fig 1-1. Structure of glycoprotein hormones (Redrawn from Albanese et al. 1996). 
FSH, follicle stimulating hormone; LH, luteinizing hormone; TSH, thyroid 
stimulating hormone; CG, chorionic gonadotropin. 
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Fig 1-2. Structure of teleost gonadotropins. FSH, follicle stimulating hormone; 
LH, luteinizing hormone. 
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1.1.2 Function 
In mammals, the actions of FSH and LH are exerted through their specific 
receptors on the cell membrane. In the testis, FSH receptors are found in the Sertoli 
cells, where FSH plays an important role in regulating the development of the 
immature testis，particularly by controlling Sertoli cell proliferation (McLachlan et 
al.，2002; Plant and Marshall, 2001). On the other hand, LH receptors are present in 
the Leydig cells where LH stimulates steroidogenesis to produce testosterone that is 
necessary for the Sertoli cell proliferation as well as the initiation and maintenance of 
spermatogenesis (Arslan et a l , 1993; McLachlan et al., 2002; Plant and Marshall, 
2001). The maximal sperm production therefore requires both FSH and high 
concentrations of testosterone secreted by the Leydig cells in response to LH 
stimulation (McLachlan et al., 2002; Plant and Marshall, 2001). In the ovary, both 
FSH and LH are essential for ovarian follicular development and the production of 
ovarian steroids. FSH plays a critical role in stimulating follicular growth while LH 
mainly promotes follicular maturation and ovulation. In addition, FSH stimulates 
the production of the cyctochrome P450 enzyme, aromatase, in the granulosa cells 
(Richards, 1994)，whereas LH promotes the synthesis of aromatizable androgens, 
testosterone and androstenedione, from cholesterol and pregnenolone by stimulating 
17a-hydorxylase activity in the thecal cells. These androgens then diffuse to the 
adjacent granulose cells and serve as precursors for estradiol production by an 
aromatase (Erickson et al., 1985; Hsueh et a l , 1989). In the middle of reproductive 
cycle, a high level of estradiol secreted from the preovulatory follicles stimulates a 
LH surge which in turn induces ovulation (Hillier, 2001). 
In fish, although FSH and LH have similar activities in vitro on steroidogenesis 
and oocyte maturation (Suzuki et al., 1988c; Van der Kraak et al., 1992), the 
differential synthesis and secretion of FSH and LH during reproductive development 
6 
in different species strongly suggest the functional duality of the two GTHs in fish 
(Nozaki et al.，1990a; Nozaki et al., 1990b; Suzuki et al., 1988a; Swanson et al.， 
1991). FSH seems to be primarily involved in stimulating gametogenesis while LH 
is associated primarily with the final maturation of gametes (Suzuki et al.，1988a). 
As in mammals, FSH and LH regulate steroidogenesis and spermatogenesis in male 
fish by acting through their specific receptors on the Sertoli cells and Leydig cells in 
the testis, respectively. LH stimulates steroidogenesis to produce 
11 -ketotestosterone (similar to testosterone in higher vertebrates) from the Leydig 
cells, which is required for spermatogenesis through the Sertoli cells (Nagahama, 
1994). On the other hand, although FSH is also able to induce steroidogenesis, the 
information about the role of FSH in the steroidogenic activity of fish testis is not yet 
available (Schulz et al , 2001). In female teleosts, the major biological activity of 
FSH is to stimulate ovarian production of estradiol which, in turn, acts on the liver to 
promote vitellogenein synthesis (Nagahama, 1987; Suzuki et al., 1988c). Also, 
FSH promotes ovarian uptake of the yolk protein precursor, vitellogenein (Tyler et al., 
1997; Tyler et al., 1991). LH, on the other hand, has higher potency in inducing the 
synthesis of 17a, 20p-dihydroxy-4-pregnen-3-one (17a, 20p-DHP) which is the 
potent oocyte maturation-inducing hormone (Suzuki et al., 1988c). These lines of 
evidence have led to the hypothesis in the salmonids that FSH controls follicular 
growth whereas LH mainly regulates the final stages of maturation and ovulation 
(Prat et al., 1996; Swanson et al., 1991) (Fig 1-3). This hypothesis is also supported 
by the hormonal profiles of the two GTHs during the reproductive cycle. FSH 
predominates during vitellogenesis in the early phase of the reproductive cycle and 
becomes attenuated before final oocyte maturation and ovulation, while LH level is 
elevated drastically during the phase of maturation (Gen et al.，2000; Melamed et al , 
2000; Sohn et a l , 1999; Weil et al , 1995). 
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Fig 1-3. Seasonal profiles of the plasma FSH and LH level during ovarian 
development in the coho salmon (Swanson et al.，1991). 
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1.1.3 Regulation 
Regulation of GTH biosynthesis has always been the most active area of research 
in reproductive physiology because of their fundamental roles in reproductive 
processes. GTHs exhibit distinct patterns of expression and secretion throughout 
the reproductive cycle, and a variety of positive (GnRH, activin, steroids) and 
negative (inhibin, follistatin, and steroids) factors have been revealed to regulate the 
production and secretion of GTHs (Fig 1-4). 
1.1.3.1 Neuroendocrine regulators from the hypothalamus 
In mammals, LH and FSH are secreted from the pituitary in an intermittent 
fashion, driven by hypothalamic pulses of gonadotropin-releasing hormone (GnRH) 
(Belchetz et al., 1978; Carmel et al., 1976; Crowley et al., 1985). The pulsitility of 
GnRH is critical for the maintenance of gonadotropin secretion and expression of 
their subunit genes. In general, high pulse frequency of GnRH stimulates LH 
synthesis and secretion while the low pulse frequency favors FSH synthesis and 
release (Dalkin et al., 1989; Jayes et al., 1997). 
In teleost fish, GnRH also regulates both FSH and LH secretion and expression 
although most studies have been performed on LH. GnRH has been demonstrated 
to stimulate LH secretion both in vivo and in vitro in many teleost species including 
the coho salmon (Van der Kraak et al” 1987)，rainbow trout (Weil and Marcuzzi, 
1990a; Weil and Marcuzzi, 1990b) and African catfish (de Leeuw et al.，1987). 
Moreover, the stimulatory effect of GnRH has been demonstrated on the level of 
FSHp and LHp mRNAs in the striped bass (Hassin et al., 1998) and tilapia (Yaron et 
al” 2001). In the goldfish, two forms of GnRH, salmon GnRH (sGnRH) and 
chicken GnRH-II (cGnRH-II), have been identified in the brain and pituitary as in 
other teleosts (Yu et al., 1988). Both sGnRH and cGnRH-II stimulate LHp mRNA 
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expression (Khakoo et al , 1994) and LH secretion in the goldfish pituitary (Chang et 
al., 1990). However, their effect on FSH in the goldfish remains unknown. 
In addition to the stimulatory effects of GnRH from the brain, the secretion of 
GTHs is also regulated by the neurotransmitter, dopamine (Chang et al., 1984; 
Melamed et al” 1996; Trudeau, 1997). Dopamine directly acts on the pituitary to 
inhibits LH secretion in the goldfish (Chang et al., 1984; Peter et al., 1986) and 
catfish {Clarias gariepinus) (de Leeuw et al., 1986). Furthermore, in vitro and in 
vivo studies have demonstrated that dopamine reduces the basal and 
GnRH-stimulated secretion of LH (Chang and Peter, 1983; Omeljaniuk et a l , 1987; 
Peter et al” 1986). Therefore, GnRH and dopamine serve as neuroendocrine 
simulator and inhibitor, respectively, to regulate the secretion and expression of the 
GTHs, particularly LH. 
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1.1.3.2 Gonadal hormone feedback 
In vertebrates, one of the major roles of FSH and LH is to stimulate the 
production of sex steroids in the gonads, which in turn regulate FSH and LH 
secretion and expression. Both negative and positive feedbacks of gonadal steroids 
on gonadotropins secretion and expression have been demonstrated in mammals and 
teleosts. 
1.1.3.2.2 Negative effects of gonadal steroids on FSH and LH 
In mammals, FSH and LH secretion and expression increase dramatically after 
gonadectomy in both female and male rats, and the replacement with estradiol or 
testosterone reverses these stimulatory effects (Corbani et al.，1984; Counis et al.， 
1983; Gharib et al , 1986; Gharib et al., 1987; Kitahara et a l , 1991; Papavasiliou et 
al., 1986; Paul et al., 1990). It indicates that gonadal steroids exert negative 
feedback on the synthesis and secretion of GTHs. 
In teleosts, the inhibitory effect of sex steroids on LH secretion has also been 
demonstrated using gonadectomy, steroid replacement or administration of sex 
steroids to intact fish in the rainbow trout (Billard et al., 1977; Van Putten et al., 
1981), common carp (Breton et al , 1975), the African catfish (de Leeuw et al., 1987) 
and goldfish (Billard and Peter, 1977; Kobayashi and Stacey, 1990). In salmonids, 
testosterone and estradiol reduce FSH plasma levels (Borg et al., 1998; Dickey and 
Swanson, 1998; Larsen and Swanson, 1997). In the goldfish, the gonadal steroids 
exert a strong inhibitory effect on FSHp mRNA expression in mature fish (Sohn et 
al., 1998b). Also, ovariectomy in early recrudescent and mature goldfish results in 
an enhanced FSHp mRNA expression, which can be reversed by steroid replacement 
(Kobayashi et al.，2000). In the tilapia, the level of FSHp mRNA decreases 
following treatment with testosterone and estradiol (Melamed et a l , 2000). In 
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addition, gonadal steroids may act on the brain to stimulate dopamine inhibitory tone 
so as to indirectly suppress the GTH synthesis and secretion (Saligaut et al., 1998) 
and this is supported by the presence of steroid receptors in the teleost brain (Linard 
et al., 1995). 
1.1.3.2.3 Positive effects of gonadal steroids on FSH and LH 
While the negative feedback by sex steroids has been well documented in both 
mammals and teleosts, the positive feedback by sex steroids has also been reported. 
In rat pituitary cell culture, both FSH and LH synthesis and secretion are stimulated 
by steroid treatment (Gharib et al , 1990; Miller and Wu, 1981; Shupnik, 1996). 
This positive effect is supported by the phenomenon before ovulation that large 
amount of estradiol secreted from the ovary induces the LH surge to promote 
ovulation in the female. 
Similarly, the stimulatory effects of gonadal steroids on GTH synthesis and 
secretion have also been reported in fish. Testosterone and estradiol have been 
shown to stimulate LHP expression in the rainbow trout (Breton and Sambroni, 1996; 
Trinh et a l , 1986; Xiong et al., 1994)，eel {Anguilla anguilla) (Querat et a l , 1991)， 
Chinook salmon {Oncorhynchus tschawytscha) (Xiong et al., 1994)，coho salmon 
(Dickey and Swanson, 1998) and goldfish (Habibi and Huggard, 1998; Huggard et 
al., 1996). Also, both in vitro and in vivo studies have demonstrated that 
testosterone alone stimulates GTHa and LHp subunit expression in sexually 
immature and mature goldfish (Habibi and Huggard, 1998). Moreover, the LH 
content in the pituitary increased following treatment with testosterone or estradiol in 
the rainbow trout (Breton et al., 1997) and Atlantic salmon {Salmo salar) (Borg et al., 
1998). In the tilapia, testosterone and estradiol enhance FSHp mRNA level in the 
immature and maturing fish but suppress its expression in the spawning fish 
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(Melamed et al., 1998). Gonadal steroids may also exert their positive effects on 
GTHs indirectly through the hypothalamus. Both testosterone and estradiol 
increase GnRH pulses in the rainbow trout (Breton and Sambroni, 1996). Also, 
gonadal steroids increase pituitary sensitivity to GnRH and enhance the 
GnRH-stimulated LH secretion in the goldfish (Lo and Chang, 1998; Trudeau et al , 
1993; Trudeau et al., 1991). 
Taken together, LH and FSH synthesis and secretion are regulated by the sex 
steroids acting either directly on the pituitary or indirectly by alteration of GnRH 
pulses from the hypothalamus. 
1.1.3.3 Paracrine regulators from the pituitary 
The third group of major factors regulating FSH and LH is activin family of 
growth factors including activin and its binding protein follistatin. Although activin 
and follistatin were first identified as gonadal hormones that exert feedback actions 
on the pituitary FSH secretion, evidence has been increasing that they are both 
expressed in the pituitary and the endogenous pituitary activin not only plays an 
autocrine/paracrine role in regulating FSH synthesis and release, but also serves as a 
mediator for a variety of regulatory inputs from the brain, the gonads and the 
pituitary itself. 
1.2 Activin and iiihibin 
1.2.1 Structure 
Activin and its related protein, inhibin, belong to the transforming growth 
factor-P (TGPP) superfaniily which also includes bone morphogenetic proteins 
(BMPs) and TGFp (Vale et al.，1988). They are closely related as they share the 
same p subunits. Activin is a homo- or heterodimeric protein consisting of two p 
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(pA and (33) subunits linked by a disulfide bond. The combination of the two 
subunits results in three different isoforms: activin A (pA^A), activin B (pSpB) and 
activin AB (pA(3B) (Ling et al , 1986a; Ling et al., 1986b; Vale et al., 1986). These 
two subunits have been identified in a number of species including teleosts (Ge et al., 
1997a; Ling et al , 1986a; Mason et al , 1989; Mason et al., 1985; Vale et al.，1986; 
Wang and Ge, 2003; Wittbrodt and Rosa, 1994; Yam et a l , 1999b). In addition, 
three additional p subunits have been identified in mammals (pC and PE) (Fang et al” 
1997; Fang et al., 1996) and Xenopus (PO) (Oda et al , 1995), but the native dimeric 
proteins from these subunits have not been identified. Inhibin is a heterodimeric 
protein consisting of a unique a and an activin p subunit linked by a disulfide bond. 
Two isoforms, inhibin A (apA) and inhibin B (aPB), have been identified in various 
species (Ling et al., 1985; Miyamoto et al., 1985; Rivier et al., 1985; Robertson et al , 
1985; Vale et al., 1988) (Fig 1-5). Recently, inhibin a subunit has been identified in 
the rainbow trout (Tada et al., 2002) and thin-lipped grey mullet (Mousa and Mousa, 
2003). However, the activities of the inhibin in fish remain largely unknown. 
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Fig 1-5. Schematic representation of the formation of different mature proteins 
from different activin/inhibin subunits 
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1.2. 2 Function 
Activin and inhibin were originally purified from the ovarian follicular fluid as a 
pituitary FSH stimulator and inhibitor, respectively (Ling et al., 1985; Ling et a l , 
1986b; Miyamoto et al.，1985; Rivier et al” 1985; Robertson et a l , 1985; Vale et al., 
1986). Later studies have shown that they both have widespread tissue distribution 
(Mather et a l , 1992; Meunier et al , 1988) and have diverse biological activities in 
various tissues (Mather et al., 1997; Mather et a l , 1992; Woodruff，1998; Woodruff 
and Mather, 1995). In mammals, it is well documented that inhibin suppresses FSH 
release in the pituitary. However, the inhibitory effect of inhibin on FSH secretion 
has only been demonstrated in the tilapia (Yaron et al., 2001). 
Activin has been demonstrated to be a significant paracrine/autocrine factor in 
local tissues (Chen, 1993). In the mammalian pituitary, it has been well 
documented that activin plays important roles to stimulate FSH production and 
secretion (Corrigan et al., 1991; Rivier and Vale, 1991; Weiss et al., 1992; Wilson 
and Handa, 1998)，and to regulate GnRH receptor expression (Duval et al., 1999) as 
well as growth hormone expression and secretion (Bilezikjian et al.，1990; Ge and 
Peter, 1994; Struthers et al., 1992). In the goldfish, activin subunits and its 
receptors are also expressed in the pituitary, strongly suggesting paracrine/autocrine 
roles for activin in the goldfish pituitary (Ge, 2000). In goldfish pituitary cell 
culture, activin has been demonstrated to stimulate FSHp but suppress LHP 
expression (Yam et a l , 1999a). Similarly, activin has also been shown to stimulate 
FSH(3 expression in male tilapia hybrids {Oreochromis niloticus X O. aureus) (Yaron 
et al., 2001). 
In the gonads, activin promotes steroidogenesis (de Kretser et al.，2001; Hsueh et 
al., 1987; Ni et a l , 2000) and gametogenesis in mammals (de Kretser et al., 2001; 
Hsueh et al., 1987; Mather et al” 1990; Mather et al” 1992). In fish, activin has 
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been demonstrated to promote oocyte maturation in the zebrafish (Pang and Ge, 1999; 
Wu et al., 2000). In addition to the roles in the reproductive system, activin also 
stimulates GnRH (Gonzalez-Manchon et al., 1991) and oxytocin production in the 
central nervous system (Sawchenko et al., 1988), regulates human cytotrophoblast 
cell differentiation (Caniggia et al , 1997) and induces mesoderm formation during 
embryonic development (Smith et al., 1990; van den Eijnden-Van Raaij et al., 1990). 
1.2.3 Signaling 
As a member of TGF/S superfamily, activin exerts its actions by binding to its 
specific transmembrane receptors. Two types of receptors have been identified, 
namely activin type I (ActR I) and type II (ActR II) receptors (Mathews, 1994). 
Both activin type I and type II receptors exist in multiple forms in most vertebrate 
species examined, including two subtypes of the type I (ActR lA and ActR IB) and 
type II (ActR IIA and ActR IIB) (Attisano et al., 1992; Kondo et al., 1996; Mathews 
and Vale, 1991). All of these receptors are transmembrane kinases with an 
extracellular domain, a single transmembrane region and an intracellular domain 
with serine/threonine kinase activity (Attisano et al., 1992; Massague, 1992; 
Mathews and Vale, 1991). To initiate signal transduction, activin firstly binds to its 
type II receptor, which then phosphorylates and activates a type I receptor to form a 
ligand-receptor complex (Mathews, 1994). The complex in turn phosphorylates 
their downstream signaling mediators, Smads (Derynck and Zhang, 1996; Heldin et 
al., 1997; Massague, 1998). 
Smad proteins can be classified into three subtypes based on their structure and 
functions: 1) The receptor-regulated Smads (R-Smad) include Smad 1，2，3，5 and 8, 
each of which is involved in a ligand-specific signaling pathway. Smad 1, 5 and 8 
are specific for BMP signaling (Nakayama et al , 1998; Yamamoto et al., 1997) while 
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Smad 2 and 3 are commonly used in activin and TGFjS signaling (Baker and Harland, 
1996; Chen et al., 1996b; Zhang et al., 1996). 2) Common Smad (Co-Smad), namely 
Smad 4 in vertebrates, is a common partner for all R-Smads in their signaling 
(Derynck and Zhang, 1996) . 3) Inhibitory Smads (I-Smad) include Smad 6 and 7， 
which modulate the signaling by blocking the association of R-Smads with the type I 
receptors. Smad 6 is mainly involved in the modulation of BMP signaling (Hata et 
al., 1998) while Smad 7 functions as a negative modulator of both activin and TGF/3 
signaling pathway (Hayashi et al , 1997; Ishisaki et al., 1998; Nakao et al., 1997a). 
Upon activin activation, R-Smad (Smad 2 or 3) is phosphorylated by the 
activated type I receptors (Kretzschmar et al., 1997; Macias-Silva et al., 1996). The 
phosphorylated R-Smad associates with Smad 4 to form a functional signaling 
complex (Derynck and Zhang, 1996). The complex in turn translocates into the 
nucleus to function as transcriptional factors that interact with other specific 
transcriptional activators or suppressors to regulate their target genes though their 
sequence-specific DNA-binding activity (Attisano et al., 2001; Jonk et al., 1998; 
Kretzschmar et a l , 1997; Li et al , 2001; Macias-Silva et al., 1996; Nakao et al.， 
1997b; Pouponnot et al., 1998; Zhang et al , 1996) (Fig 1-6). 
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1.2.4 Follistatin 
1.2.4.1 Structure 
Follistatin (FS) is a glycosylated single chain protein that was initially purified 
from the mammalian ovary as a specific pituitary FSH inhibitor (Esch et al., 1987; 
Robertson et a l , 1987; Ueno et a l , 1987). At least three isoforms, FS-288, FS-300 
and FS-315, have been identified (Esch et al., 1987; Shimasaki et al., 1988a). 
These isoforms are derived from alternative splicing of mRNA, post-translational 
proteolytic cleavage and variable glycosylation (Inouye et al” 1991; Shimasaki et al., 
1988b). 
1.2.4.2 Function 
Follistatin antagonizes the activities of activin in a variety of systems, and it 
inhibits the effects of activin mainly through its capacity to bind to activin 
(Nakamura et al” 1990; Shimonaka et al., 1991)，or through its association with cell 
surface heparin-sulphated proteoglycans to increase endocytotic degradation of 
activin (Hashimoto et al., 1997). In the pituitary, both in vitro and in vivo studies 
demonstrated that follistatin suppresses the basal and activin-induced FSH synthesis 
and secretion (Carroll et al” 1989; DePaolo et al., 1991; Kogawa et a l , 1991; Yam et 
al., 1999a). In the ovary, follistatin reverses the stimulatory effect of activin on 
FSH-induced aromatase activity, progesterone production and inhibin production 
(Xiao and Findlay, 1991). Furthermore, follistatin eliminates the effects of activin 
on erythorid cells (Hashimoto et a l , 1992) and osteoblasts (Krummen et al., 1993). 
Like activin, follistatin has a wide spatial distribution and expression in various 
tissues, suggesting that activin and follistatin form an intrinsic regulatory system in 
which activin is the central factor to exert biological functions, whereas follistatin 
acts as a local modulator of activin's activities (de Kretser and Phillips, 1998; 
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DePaolo et al., 1991; Michel et al., 1993). 
1.3 Transcriptional regulation of pituitary gonadotropin subunit genes at the 
promoter level 
As mentioned, GTHs are positively and negatively regulated by GnRH, steroids 
and peptides of activin family. Some of these factors regulate GTH gene expression 
at the transcriptional level (Fig 1-7). Investigation of the transcription factors and 
cognate DNA elements that are required to control the expression of gonadotropin 
subunit genes is currently an active area of research. 
The transcriptional regulation of GTH a subunit gene has been well studied as 
the gonadotroph cell lines that express GTH a subunit (e.g. aT3-l cells) are available 
(Horn et a l , 1992; Windle et al , 1990). Several transcriptional factors that bind to 
their corresponding regulatory elements have been identified in the promoter of a 
subunit in several species. Steroidogenic factor-1 (SF-1) stimulates a subunit 
expression through binding to gonadotrope-specific element (GSE) on the promoter 
in most mammalian species examined (Horn et al” 1992). GATA factors bind to 
GATA element to transactivate a subunit gene expression (Steger et al., 1994). In 
addition, basic helix-loop-helix (bHLH) transcription factors bind to E-boxes to 
activate the expression of a subunit in gonadotrophs (Jackson et al., 1995). 
LIM-homeodomain transcription factor has been demonstrated to transactivate 
gonadotrophic a-subunit gene expression (Bach et al , 1995; Roberson et al., 1994). 
Moreover, GnRH-responsive elements have been mapped in the a subunit promoter 
in the human (Kay and Jameson, 1992), cow (Hamemik et al.，1992) and mouse 
(Schoderbek et al., 1993). Cyclic AMP (cAMP) responsive elements (CRE) have 
been identified in the human a subunit promoter (Schoderbek et al” 1992). In the 
salmon, sequence analysis revealed that cw-regulatory elements including GSE, CRE, 
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activating protein-1 (AP-1) site, GnRH-responsive element and estrogen responsive 
element (ERE) have been located in the GTH a subunit promoter (Suzuki et al., 
1995). 
Compared to that on GTH a subunit, the investigation on the transcriptional 
factors and the regulatory promoter elements responsible for either FSH(3 or LHp 
expression is rather limited, especially the FSHp subunit gene. This is mainly due 
to the lack of stable gonadotroph cell lines that express GTH(3 promoters. In 
mammals, like the GTH a subunit, SF-1 stimulates LHp subunit gene expression 
(Halvorson et al., 1996; Keri and Nilson, 1996), but does not activate FSHp subunit 
gene expression (Tremblay et al.，1998). Also, the ubiquitous transcription factor, 
SP-1, and the nerve growth factor lA (NGFIA) have been found to mediate the LHp 
subunit responsiveness to GnRH (Halvorson et al” 1998; Kaiser et a l , 1998). As in 
mammals, SF-1 in teleost fish binds to GSE on the salmon LHp promoter to 
stimulate its expression (Le Drean et al., 1996). Also, SF-1 interacts synergistically 
with estradiol receptor to confer a cell type-specific expression of LH(3 subunit gene 
(Le Drean et a l , 1996). In addition, sex steroids, E2 and T, stimulate LHp 
expression through the functional ERE on the chinook salmon promoter (Liu et al” 
1995; Xiong et al., 1994). It is in contrast with the situation in mammals that there 
is no direct interaction of estradiol receptor with the bovine LHp subunit promoter 
(Keri et a l , 1994). Several GnRH-responsive elements are also located in the 
salmon LHp promoter which are responsible for the responsiveness to GnRH (Ando 
et al.，1999). 
Information on the transcriptional regulation of FSHp subunit gene is even more 
limited. In mammals, pituitary homeobox 1 (Ptxl) transactivates FSHP subunit 
gene as well as GTHa subunit and LHp subunit genes (Tremblay et al” 1998). 
Moreover, two activating protein (AP-1) sites that are responsible for activation of 
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FSHp subunit gene expression have been identified on the promoter (Strahl et al., 
1997). The two AP-1 sites have been demonstrated to be involved in FSHp 
response to GnRH (Strahl et al., 1998). In teleosts, sequence analysis has revealed 
several putative regulatory elements in the goldfish FSHp promoter including GSE, 
GnRH-responsive element and half steroid hormone responsive elements (Sohn et a l , 
1998a). Recently, some potential cw-acting motifs including GSE, AP-1, CRE and 
half ERE are also identified on the tilapia FSHp promoter (Rosenfeld et al., 2001). 
Furthermore, the putative API and CRE motifs, located -800 to -1200 bp, have been 
demonstrated to confer GnRH stimulation of FSHp expression in the tilapia 
(Rosenfeld et al., 2003). 
The main obstacle in previous studies of transcriptional regulation of FSHP 
subunit gene was the lack of a pituitary cell line that containes all essential 
components to permit the study of FSH synthesis and secretion. However, recently 
a mouse gonadotrope cell line, LPT2, was isolated by targeted tumorigenesis in 
transgenic mice (Aland et al , 1996)，and it has proven to be a very useful tool for the 
promoter analysis for both LHp and FSHp genes (Graham et a l , 1999; Huang et al., 
2001; Pemasetti et al., 2001). By making use of LpT2 cells, Smad-binding element 
(SBE) has been identified to mediate the activin-stimulated rat FSHp transcription 
(Suszko et a l , 2003). Also, a pituitary-specific factor, Pitx2, has been shown to 
confer the tissue-specific expression of the FSHp subunit (Suszko et al” 2003). 
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Fig 1-7. Proposed schematic model of gonadotropin subunit gene expression. AP-1, 
activating protein-1; bHLH, basic helix-loop-helix; p-LIM, LIM-hoemodomain 
transcription factor; NGFIA, nerve growth factor lA; Ptxl, pituitary homeobox 1; 
Pitx2, pituitary-specific factor, Pitx2; SF-1, sterodiogenic factor-1 
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1.4 The project objectives and long-term significance 
In vertebrates, gonadotropins play critical roles in the regulation of gonadal 
development and functions. Because of the fundamental roles of FSH and LH in 
reproduction, regulation of gonadotropin biosynthesis has been the most important 
area of research. Although the production and secretion of the gonadotropins in 
fish are also regulated by three groups of factors including 1) GnRH and other 
neuroendocrine factors; 2) gonadal steroids and 3) activin family in the pituitary, 
studies have been mainly focused on the regulation of gonadotropins by GnRH and 
gonadal steroids. Our recent studies demonstrated that activin stimulates FSHp 
expression but suppresses LHP expression in the goldfish pituitary (Yam et al., 
1999a), and the stimulatory effect of activin on goldfish FSHp expression has been 
shown to be mediated at the transcriptional level (Ge et al” 2003). The main 
objective of the present project is to reveal the mechanisms underlying the activin 
regulation of FSH[3 expression in the goldfish, one of the most popular models in fish 
reproductive physiology and endocrinology. 
As activin acts through the intracellular mediators, Smads, to regulate its target 
genes, Smads are likely involved in the regulation of FSH|3 expression in the 
pituitary at transcriptional level. To understand activin regulation of goldfish FSHP 
transcription, I first cloned the Smad proteins, Smad 2, Smad 3, Smad 4 and Smad 7， 
that are potentially involved in activin signaling in the goldfish followed by 
investigating their roles in the regulation of goldfish FSHp transcription in the LpT2 
cells (Chapter 2). Furthermore, by overexpressing specific Smad in the LPT2 cells, 
I have identified putative Smad responsive elements (SRE) in the goldfish FSHP 
promoter by transient transfection of the L(3T2 cells (Chapter 3). 
The present study represents one of the first studies of its kind in vertebrates, 
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second only to the recently published work in the rat (Suszko et al , 2003), and 
therefore, it provides valuable information on the conservation and diversity of the 
regulatory mechanisms underlying the regulation of FSH biosynthesis by activin in 
vertebrates. 
Since fish represents the largest and most diversified group of vertebrates, the 
results from the present study will serve as important reference for other comparative 
studies in vertebrates. Also, as one of the biggest protein sources for human 




Cloning of Smad 2，Smad 3, Smad 4 and Smad 7 from the Goldfish Pituitary 
and Their Involvement in the FSHjS Transcription in Ll3T2 cells 
2.1 Introduction 
Activin belongs to the transforming growth factor (3 (TGF/3) superfamily, which 
also includes bone morphogenetic proteins (BMP) and TGFjS (Vale et al., 1988). It 
is a homo- or heterodimeric protein composed of two highly related ^-subunits (fiA 
and |SB), resulting in three isoforms: activin A (/3A-jSA), activin AB (^A-/3B) and 
activin B {^B-^B) (Mathews, 1994; Vale et al., 1988). As a growth and 
differentiation factor, activin is expressed in almost all tissues (Meunier et al., 1988), 
where it controls a broad spectrum of biological functions (Mather et al., 1997). 
In the pituitary, activin plays an important role in the differential regulation of 
gonadotropin biosynthesis. The gonadotropin hormones, follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH), are essential components of 
vertebrate reproductive regulation. FSH and LH are heterodimeric proteins 
consisting of a common a subunit and a unique 0 subunit. The /3 subunit gives 
biological specificity to each hormone and may be a target for the regulation of the 
hormone biosynthesis (Carroll et al., 1989; Shupnik, 1996; Weiss et al., 1995). 
Both in vivo and in vitro studies have demonstrated the stimulatory effect of activin 
on FSH but not LH. In rat primary pituitary cell cultures, activin stimulates FSH^ 
mRNA levels and FSH secretion in dose-dependent manner (Carroll et al., 1989). 
In agreement with this, the plasma FSH level in the rat increases after injection with 
recombinant human activin A (Lee and Rivier，1997; Woodruff et al., 1993). In fish, 
our previous studies have shown that recombinant goldfish activin B stimulates 
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FSHp expression but suppresses LHp expression (Yam et al., 1999a), distinct from 
the situation in mammals. It has been suggested that activin exerts its stimulatory 
effect on FSHp gene at the transcriptional level as the transcriptional inhibitor, 
actinomycin-D, prevents the activin-induced increase of FSH(3 transcription (Weiss 
et al., 1995). Although activin was first identified as an FSH stimulator and 
similar effect has been reported in a variety of species including fish, the mechanism 
of its action remains largely unknown. 
As a member of TGF-p superfamily, activin transduces its signals by interacting 
with the transmembrane type I (ActRIA and ActIB) and type II (ActRIIA and 
ActRIIB) serine/threnonie receptor kinases (Mathews, 1994). To initiate the 
signaling, activin first binds to its type II receptor, which then phosphorylates and 
activates a type I receptor through the formation of a type I-type II complex 
(Mathews, 1994). The activin-receptor complex, in turn, phosphorylates their 
downstream mediators, known as Smad proteins (Derynck and Zhang, 1996; Heldin 
et al., 1997; Shi and Massague, 2003) 
Smad proteins contain a high degree of homology at the amino- and 
carboxyl-terminal domains, the MHl and MH2 domains, respectively. The two 
domains are linked by a divergent proline-rich region (Derynck and Zhang, 1996; 
Heldin et a l , 1997; Massague, 1998; Wrana and Attisano, 1996). Smad proteins 
can be classified into three subtypes based on their structure and functions. The 
first subtype is receptor-regulated Smads (R-Smad), which transiently interact with 
the activated type I receptors and become phosphorylated at the consensus 
phosphorylation motif, SS(V/M)S, of their carboxyl termini (Kretzschmar et al., 
1997; Macias-Silva et al., 1996). Interestingly, activins and TGFp have been shown 
to share the two R-Smads, Smad 2 and Smad 3，for their downstream signaling 
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(Baker and Harland, 1996; Chen et al., 1996b; Zhang et a l , 1996)，although activins 
and TGFp control different sets of cellular functions through their corresponding 
receptors. Other R-Smads identified include Smad 1，Smad 5, and Smad 8，which 
are involved in the BMP signaling pathways (Nakayama et al.，1998; Yamamoto et 
a l , 1997). The second subtype of Smads is common Smads (Co-Smad), and to date, 
only Smad4 is known to act as Co-Smad in vertebrates for the signaling of TGF P 
superfamily members. Unlike R-Smads, Smad 4 is not a direct substrate of activin 
receptors due to the lack of the carboxyl-terminal phosphorylation motif; however, it 
participates in activin signaling by associating with an activated R-Smads to form 
heteromeric complexes (Derynck and Zhang, 1996), which in turn translocate into 
the nucleus to function as transcriptional factors that control the expression of target 
genes (Kretzschmar et al., 1997; Macias-Silva et al” 1996; Nakao et al., 1997b; 
Zhang et al., 1996). Smads exert their transcriptional regulatory activity by 
interacting with specific DNA elements together with other specific transcriptional 
activators or suppressors (Attisano et al., 2001; Jonk et al., 1998; Li et al., 2001; 
Pouponnot et al., 1998). The last group of Smads is referred to inhibitory Smads 
(I-Smad) that modulate the signaling by blocking the association of R-Smads with 
the type I receptors (Hayashi et al., 1997; Ishisaki et a l , 1998; Nakao et al., 1997a). 
Smad 7 functions as a negative modulator downstream of the receptors of both 
activin and TGFp (Hayashi et al., 1997; Ishisaki et a l , 1998; Nakao et al.，1997a)， 
while Smad 6 is mainly involved in the modulation of BMP signaling (Hata et al.， 
1998). 
Even though activin signaling has been well studied, little is known about the signal 
transduction pathway involved in activin regulation of gonadotropin expression, 
particulary FSH. The major problem that has hindered the studies on the regulation 
of FSHP at the transcriptional level was the lack of differentiated FSHp-expressing 
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cell lines. Recently, a mouse gonadotrope cell line, LpT2, was isolated by targeted 
oncogenesis in transgenic mice (Alarid et a l , 1996). As reported previously, these 
cells express FSHp mRNA and secrete FSH in response to activin stimulation 
(Graham et a l , 1999; Huang et al., 2001). Therefore, the LpT2 cell line provides a 
very useful tool to study the molecular mechanisms underlying the regulation of 
FSHp expression. Recently, we have demonstrated that goldfish FSHp promoter 
functions in the LpT2 cells in driving the expression of the reporter gene SEAP (Ge 
et al., 2003). As the first step towards understanding activin regulation of goldfish 
FSHp transcription, I first cloned the goldfish Smad proteins that are potentially 
involved in activin signaling, including Smad 2，Smad 3，Smad 4 and Smad 7，and 
then investigated the roles of these Smads in the regulation of goldfish FSHp 
transcription in the L(3T2 cells. 
2.2 Materials and Methods 
2.2.1 Chemicals 
All chemicals were purchased from Sigma (St. Louis, MO) and enzymes from 
Promega (Madison, WI) unless otherwise stated. Recombinant goldfish activin B 
(rgfActB) was generated in my laboratory by an established Chinese hamster ovary 
(CHO) cell line and partially purified from the medium according to Schmelzer et al 
(1990). One unit (U) of rgfActB is defined as the amount of protein per milliliter to 
induce a half-maximal differentiation of F5-5 cells in the erythroid difFerentitation 
factor assay ( E D 5 0 ) (Schmelzer et a l , 1990)，which is equivalent to about 7 ng/ml 
recombinant human activin A. Recombinant human follistatin (rhFS-288) was 
provided by Dr. A.F. Parlow through the National Hormone and Pituitary Program 




Goldfish {Carassius auratus) were ordered from local market and maintained in 
flow-through aquaria (1000 liter) at 25�C on a 14L:10D photoperiod. The fish 
were fed twice a day with commercial goldfish food. All experiments were 
performed under license from the Government of the Hong Kong SAR and endorsed 
by the Animal Experimentation Ethics Committee of the Chinese University of Hong 
Kong. 
2.2.3 Isolation of total RNA 
Total RNA was isolated from goldfish tissues, pituitaries and cultured pituitary 
cells using TRI Reagent (Molecular Research Centre, Inc, Cincinnati, OH) according 
to the manufacturer's protocol. Briefly, the sample was homogenized with 200 
Tri Reagent in the microtube. Fifty pd chloroform was then added to the tube, 
vortexed, and centrifuged for 30 min at 4�C. The aqueous phase from the sample 
was transferred to a new tube containing isopropanol, vortexed for 30 sec, left at -20 
°C for 30 min to precipitate the RNA, and centrifuged for 30 min at 4°C. After 
washing with 75% ethanol prepared with DEPC-H2O and brief air drying, the RNA 
pellet was dissolved in 10 /xl DEPC-H2O for reverse transcription (RT). 
2.2.4 Cloning of cDNA fragments of Smad 2, 3, 4 and 7 from the goldfish pituitary 
RT was performed to generate cDNA fragments in a 10 /xl reaction with 1 jLtg total 
RNA isolated from goldfish pituitary, 1 X Single Strand Buffer, 10 mM dithiothreitol 
(DTT)，0.5 mM dNTPs, 0.5 fig oligo-dT and 100 U Moloney Murine Leukemia Vims 
(M-MLV) reverse transcriptase at 42°C for 2 h. cDNA fragments of different Smad 
genes were amplified using degenerated primers deduced from highly conserved 
amino acid sequences within MHl and MH2 domains (Table 2-1). PGR was 
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carried out in 50 (JLI using 1 /xl of RT reaction product with 0.2 mM of each primer, 
0.2 mM dNTPs, 0.2 mM MgCh, 1 X PGR buffer and lU Tag polymerase in the 
Thermo Cycler 9600 (Eppendorf. Hamburg, Germany). The PGR profile included 
an initial denatureation at 94°C for 4 min, followed by 35 cycles at 94°C for 30 sec, 
56°C for 30 sec and 72°C for 1 min, and a final extension at 72°C for 10 min. 
PGR products of expected size were isolated from agarose gel and cloned into 
pBluescript II KS (+) (Stratagene, La Jolla, CA) through T/A cloning and sequenced. 
Table 2-1, Degenerated primers used in the RT-PCR assays 
Gene Primer Expected size 
Smad 2 Sense: 5'-GA(AG)GA(AG)AA(AG)TGGTG(CT)GA(AG)AA-3' 396 bp 
Antisense: 5’- TG(AG)TA(AG)TGTTA(GATC)GG(AG)TT -3’ 
Smad 3 same as Smad 2 306 bp 
Smad 4 sense: 5'- CAGTGTCA(CT)(AC)G(AGT)CAGATGCAGCA-3' 280 bp 
Antisense: 5’-AGCTG(CG)AG(ACG)GC(GATC)CGGTG -3’ 
Smad 7 Sense: 5'-TA(CT)TGGGA(AG)GA(AG)AA(AG)AC -3' 363 bp 
Antisense: 5’- CAT(AG)AA(CT)TC(AT)TG(AT)TC(AT)TT -3’ 
All the primers were synthesized by Integrated DNA Technologies, Inc. (Coralville, USA) 
2.2,5 Rapid amplification of 5’-cDNA ends (5'-RACE) and full-length cDNA 
(3 '-RACE) 
Based on the sequenced cDNA fragments, gene-specific primers for different 
Smads were designed for 5'-RACE to amplify the 5'-region of the cDNA using 
SMART™-RACE cDNA Amplification Kit (CLONTECH Laboratories, Inc., Palo 
Alto, CA). The 5,-RACE products were cloned into pBluescript II KS (+) through 
T/A cloning for sequencing. To obtain full-length cDNAs，new primers near the 
5'-end based on the sequences of the 5'-RACE products were designed and used to 
perform 3'-RACE. The amplified cDNAs were cloned into pBluescript II KS (+) 
through T/A cloning. Sequencing of the full-length cDNAs was performed on a 
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series of overlapping subclones generated by exonuclease III and mung bean 
nuclease deletion. Both strands of the cDNA were sequenced using the ABI 
PRISM® BigDye™ Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer, 
Foster City, CA) followed by analysis on the ABI PRISM 3100 Genetic Analyzer 
(Applied Biosystems, Foster City, CA). 
2.2.6 Primary pituitary cell culture 
Goldfish pituitary cells were enzymatically dispersed and cultured as described 
previously (Yam et al., 1999a). Briefly，pituitaries were rapidly removed from 
decapitated goldfish, and suspended in cold Medium 199 (Ml99) with Earle's salt 
before cell dispersion. After washing with Hank's balanced salt solution (HBSS) 
containing 20 mM Hepes，0.3% BSA，100 U/ml penicillin and 100 jLtg/ml 
streptomycin, the pituitaries were minced into about 0.5 mm^ fragments and washed 
with HBSS. The fragments were collected by centrifugation (1200 rpm for 5 min) 
and treated with the digestion solution (0.25% trypsin, 0.01% DNase II and 0.3% 
BSA in HBSS) at 28°C for 1 h with gentle agitation. After the trypsin/DNase 
digestion, the fragments and pituitary cells were treated with the stop solution 
(0.25% trypsin inhibitor, 0.01% DNase II and 0.3% BSA in Ca2+/Mg2+-free HBSS) 
and washed with the washing solution (2 mM EDTA and 0.3% BSA in 
Ca2+/Mg2+-free HBSS). After that, the fragments were dispersed mechanically by 
repeated pipetting in the dispersion solution (0.002% DNase II and 0.3% BSA in 
Ca2+/Mg2+-free HBSS). The dispersed cells were filtered with a 40-iLtm nylon mesh 
and resuspended in Ca^VMg^^-free HBSS to determine cell yield and viability by 
trypan blue exclusion test. The cells were seeded into the poly-D-lysin precoated 
48-well plates (Falcon, Franklin Lakes, NJ) at a density of 5 x 10^ cells/0.5 ml/well 
in 70% Ml99 with Earle's salt containing 10% fetal bovine serum (Hyclone 
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Laboratories, Logan, UT) and antibiotics. After 24 h pre-incubation at 28°C with 
5% CO2，the serum-free medium was replaced and drug treatment initiated at the 
appropriate dose and length of time as described below. 
2.2.7 Validation of semi-quantitative reverse transcription-polymerase chain reaction 
(RT-PCR) assays for goldfish Smad 2’ 3, 4 and 7 
To synthesize the first stranded cDNA, one microgram RNA, extracted from the 
cultured pituitary cells, was reverse transcribed using 100 U M-MLV reverse 
transcriptase in a 10 /xl reaction with 0.5 mM dNTPs, 0.5 fig oligo-dT, 10 mM DTT 
in 1 X Single Strand Buffer at 42°C for 2 h. The RT product (1 /xl) was then used 
as template for PGR amplification with gene-specific primers (Table 2.2) so as to 
optimize the cycle numbers used for semi-quantitative PGR assays. The PGR was 
carried out in a volume of 25 /xl, containing 1 X PGR buffer, 0.2 mM dNTPs, 2.5 
mM MgCb, 0.2 /JLM of each primer, and 0.5 U Taq polymerase, on the Thermal 
Cycler 9600 (Eppendorf, Hamburg, Germany) for various cycles with the profile of 
30 sec at 94°C ’ 30sec at 62�C，and 1 min at 72°C. The PGR products from different 
cycles of amplification were visualized on a UV-transilluminator after 
electrophoresis on 1.5 % agarose gel containing ethidium bromide, and the signal 
intensity was quantified with the Gel-Doc 1000 system and Molecular Analyst 
Software 1.3 (Bio-Rad Laboratories, Richmond, CA). The cycle numbers that 
generate half-maximal amplification were used for subsequent semi-quantitative 
analysis of the gene expression, and they are 30 cycles for Smad 2 and Smad 3，32 
cycles for Smad 4 and Smad 7 (Fig 2-10) and 22 cycles for /5-actin according to 
Cheng and Ge (unpublished). To further validate the semi-quantitative RT-PCR 
assays, serially-diluted plasmids of different genes were used as templates for PGR 
amplification to evaluate the correlation between the amount of template and that of 
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Table 2-2. Primers used in the RT-PCR assays 
Gene Primer Expected size Reference 
S m a d 2 Sense: 5'-GCCCCTCATAATCCGCCCAGAGACCCTC-3‘ 4 5 9 b p -
Antisense: 5'-GCTGTAAAGGCCTGAGGTATCCCACTG-3‘ 
S m a d 3 Sense: 5 '-TTCC A AC AG ACCCG AGGGGCTG AA-3 ‘ 3 9 9 b p -
Antisense: 5'-GCAGTCGGCCATCCAGAGACCTCG-3' 
S m a d 4 Sense: 5'-TGAAGCCTATAACCAGCG-3' 4 8 0 b p -
Antisense: 5'-AGACCCGACGGACCAGAG-3' 
S m a d 7 Sense: 5，-ATCGGCTATGGCATCCAG-3’ 3 9 4 b p -
Antisense: 5’-GGTAAGGGCTAGTCCGTC-3’ 
A c t i v i n p A Sense： 5'-GGCGGTCAAGAGGCACAT-3' 4 4 7 b p ( Y a m e t a l . , 1 9 9 9 b ) 
Antisense: 5’-TGTCCACGGTCTTCTCGGA-3 
A c t i v i n p B Sense: 5'-GAAACGTCGGAAATAATCAGT-3' 5 1 8 b p ( G e e t a l .， 1 9 9 7 a ) 
Antisense: 5 '-GTA A A ACTGTTGTCGGC AGC AC-3 ‘ 
ActRIB Sense: 5'-CTCTGCCGCTTGTCAATATC-3' 514 bp UnpubHshcd 
Antisense: 5'-GCTGCCGATGGTTATAGTTG-3’ 
ActRIIB Sense: 5'-ACCGGAAGACGCTTCTCTTG-3' 560 bp ( G c Ct al., 1997b) 
Antisense: 5，-GGCAGGTGTGTGAACCTCTC-3’ 
m A c t p A Sense: 5，-CCAGAGATGGTAGAGGCTGTCAAG-3’ 7 1 2 b p A c c c s s i o i l nO.： 
Antisense: 5'-GTCTATGTGACTGTTCCTTTTCCT-3‘ B C 0 5 3 5 2 7 
m A c t p B Sense: 5'-CAACAGTTCTTCATCGACTTTCGG-3' 2 6 6 b p ( A l b a n O Ct a l . , 1 9 9 3 ) 
Antisense: 5’-CCGCTTGACAATGTTGTACTCGTC-3’ 
P-actin Sense： 5'-TGTGATGCCAGATCTTCTcc-3' 257 bp unpublished 
Antisense: 5 '-AGCCATGGATG ATG A A ATTG-3 ‘ 
All the primers were synthesized by Integrated DNA Technologies, Inc. (Coralville, USA) 
2.2.8 Construction of the reporter plasmid containing the goldfish FSHp promoter 
Sense primer FSHp-GS4 (5’-CCGCTCGAGATGACTGAGCAGCAGTG 
AGAGG-3’) and antisense primer FSHp-GS5 (5 '-GGAATTCGTTTCGCTGAGA 
CAAAATCCTT-3') contain the Xhol and EcoRI restriction sites added at the 5'-end 
of the primers, respectively. The two primers were used to amplify the 1.74 kb 
5'-flanking region (the proximal promoter of gfFSHp gene) using gfFSHp gene 
cloned in Lambda EMBL 3 (Sohn et a l , 1998a) as the template. PGR was 
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cloned in Lambda EMBL 3 (Sohn et al., 1998a) as the template. PCR was 
performed on the Thermal Cycler 9600 (Eppendorf, Hamburg, Germany) in 1 X Pfu 
buffer, 0.2 mM dNTPs, 0.2 [iM each primer and lU Pfu DNA polymerase in a final 
volume of 50 fil The PCR profile included an initial denaturation at 94°C for 1 min, 
followed by 29 cycles at 94°C for 45 sec，53°C for 45 sec and 72°C for 6 min, and a 
final extension for 10 min at 72°C. The PCR product was digested with Xho\ and 
EcoRI and ligated into the pSEAP2-Enhancer reporter vector (Clontech, Palo Alto, 
CA) to generate the pSEAP/-1727gfFSH/5 promoter construct. 
2.2.9 Construction of expression plasmids 
Goldfish Smad 2，3，4 and 7 expression plasmids were prepared by subcloning 
the coding region of each Smad into the vector pBK-CMV (Stratagene, La Jolla, CA). 
The expression plasmids for Smad 2，3，4 and 7 were generated by PCR using 
primers that flank the entire coding region. All the sense primers were designed to 
contain the Kozak sequence (5'-CCACC-3') just before the start codon to ensure 
efficient translation initiation. Also, all the primers contain restriction sites added at 
the 5'-end (detail in Table 2-3). PCR, using gene specific primers, was performed 
on the Thermal Cycler 9600 (Eppendorf, Hamburg, Germany) in 50 reaction 
mixture containing 1 X Pfu buffer, 0.2 mM dNTPs, 0.2 /xM each primer and 3 U Pfu 
DNA polymerase. The PCR profile included an initial denaturation at 94°C for 4 
min, followed by 35 cycles at 94°C for 30 sec, 56°C for 30 sec and 72°C for 4 min, 
and a final extension for 10 min at 72°C. The PCR product was digested with 
restriction enzymes according to Table 2-3 and ligated into pBK-CMV to generate 
the pBK-CMV/Smad2, 3，4 and 7 expression constructs. 
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Table 2-3. Primers used for construction of expression plasmids  
Gene Primer Expected size Restriction site 
S m a d 2 Sense: 5,-GGGAATTCCCACCATGTCCTCCATCTTGCC-3’ 1 4 3 0 b p EcoR I 
Antisense: 5'-CTAGTCTAGATTAGGACATACTGGAACAGC-3‘ Xba I 
S m a d 3 Sense: 5'-CGGAATTCCCACCATGTCTATATTACCTTTCACGCC-3 ‘ 1 2 9 3 b p EcoR I 
Antisense: 5‘-CTAGTCTAGACTATGAGACGCTGGAGCAG-3‘ Xba I 
S m a d 4 Sense: 5'-GCTCTAGACCACCATGTCCATCACAAACACC-3' 1 5 4 0 b p Xba I 
Antisense: 5’-GGGGTACCTCAGTCCAGCGGCGTG-3’ Kpfl I 
S m a d 7 Sense: 5'-CGGAATTCCCACCATGTTCAGGACCAAACGATCG-3' 1 1 5 8 b p EcoR I 
Antisense: 5'-CTAGTCTAGATTATCGGTTATTGAATATGACCTCC-3 ‘ Xba I 
All the primers were synthesized by Integrated DNA Technologies, Inc. (Coralville, USA) 
2.2.10 Cell culture and transient transfection 
The L/3T2 cells, a mouse gonadotroph cell line, were cultured in DMEM medium 
(Gibco BRL, Gaithersburg, MD) with 10 % fetal bovine serum (Hyclone 
Laboratories, Logan, UT) at 37°C with 5% CO2. For transient transfection, cells 
were subdultured for 24 h before transfection in a 24-well plate and cotransfected 
with the pSEAP/gfFSHjS reporter plasmid, the Smad expression plasmid and the 
internal control plasmid pSV-f galactosidase (Promega) using Lipofectamin™ 2000 
transfection reagent (Invitrogen Corporation, Carlsbad, CA). pBK-CMV vector 
was used to balance DNA when necessary. Firstly, two /d transfection reagent was 
diluted with 50 ii\ serum-free medium and incubated at room temperature for 5 min. 
The diluted transfection reagent was added drop-wise to the microtube containing 
300 ng of each expression plasmid and 500 ng pSV-/5-gal in 50 /xl. The mixture was 
mixed well by pipetting and tapping the microtube for a few times, incubated at room 
temperature for 20 min, and added drop-wise to the cells. The transfected cells 
were incubated for 48 h before SEAP reporter gene assay. For studying the effect 
of activin, the cells were pre-incubated for 24 h after transfection, and then drug 
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treatment performed and the incubation continued for an additional 24 h before 
SEAP reporter gene assay. To study the effects of follistatin and TGFjS, the cells 
were pretreated with follistatin (25 ng/ml) at the time of transfection. After 24 h 
pre-incubation, cells were washed with the serum-free medium and the different 
combinations of drugs were then added in DMEM with 10% FBS and as described 
below. 
2.2.11 SEAP reporter gene assay 
The secreted human placental alkaline phosphatase (SEAP) reporter gene assay 
(Roche, Mannheim, Germany) is a chemiluminescent assay for the quantitative 
determination of SEAP activity in the culture medium of transfected cells. It was 
used to investigate the activity of FSHjS promoter in transfected L/5T2 cells. The 
SEAP gene product was secreted from the transfected L/3T2 cells and was detected in 
the culture medium. 
To assay SEAP activity, one hundred /xl medium was collected from each well. 
After centrifuging the sampled medium to pellet cell debris, fifty microlitres of the 
culture supernatant was collected from each sample and then diluted with 150 fil 
Dilution Buffer in a microfuge tube. After incubation in a water bath for 30 min at 
65°C, the diluted samples were centrifuged for 30 sec at room temperature at full 
speed before transferring to ice bath. Fifty microlitres of the heat-inactivated 
diluted samples were transferred to a LumiNunc™ 96 MicroWell™ plate (Nalge 
Nunc International, Naperville, IL) followed by addition of 50 /xl Inactivation Buffer. 
After a 5-min incubation period at room temperature, fifty microlitres of Substrate 
Reagent (47.5 fil Substrate Buffer + 2.5 jul Alkaline Phosphatase Substrate) were 
added. The mixture was incubated for 10 min at room temperature with gentle 
rocking and the light emission was visualized, quantified and analyzed with the 
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Lumi-Imager™ (Roche). 
2.2.12 玲-galactosidase reporter gene assay 
All transfections contained equal amounts of pSV-jS-galactosidase expression 
vector (Promega, 500 ng/well) as an internal control. Following the final 
incubation, the medium was removed, and cells were washed twice with ice-cold 
phosphate-buffered saline (PBS, pH 7.4，Mg2+-and Ca^^-free). Cells were lysed in 
the wells by addition of 100 /xl of 1 x Reporter Lysis Buffer (Promega). Cellular 
debris was transferred to microcentrifuge tube, vortexed and then centrifuged at 
14,000 X g for 2 min at 4°C. Fifty jLtl supematants were transferred to 96-well plate 
containing 50 /xl Assay 2X Buffer (Promega). After incubation at 37 for 2 h, one 
hundred and fifty /xl IM sodium carbonate was added to stop the reaction. The 
absorbance of the samples was read at 420 rnn in a microplate spectrophotometer 
(Molecular Devices, Sunnyvale, CA). 
2.2.13 Data analysis 
All the experiments were performed at least twice, and all treatment were carried 
out in triplicate in each experiment. For semi-quantitative RT-PCR assays, the 
mRNA level of each gene was first calculated as the ratio to that of 0-actin, which 
was amplified simultaneously as the internal control, and then presented as the 
percentage of the control group. For SEAP assay, the SEAP activity was visualized, 
quantified and analyzed by the Lumi-imager™ and the software LumiAnalyst'^^ 3.1 
(Roche). The transfection efficiency was controlled by normalinzing the SEAP 
activity to jS-galactosidase activity of the same sample. All values are expressed as 
the mean 士 SEM. The data were analyzed by Student's Mest or one-way ANOVA 
followed by Dunnett's test. P < 0.05 was considered statistically significant. 
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2.3 Results 
2.3.1 Cloning and sequence characterization of goldfish Smad 2, 3, 4 and 7 
By using RT-PCR with degenerate primers deduced from the MHl or MH2 
domains of Smads and subsequent 5'- and 3'-RACE, the full-length cDNAs 
encoding Smad 2，3，4 and 7 were cloned from the goldfish pituitary. 
The goldfish Smad 2 cDNA is 2402 bp in length including the poly(A) tail. The 
deduced Smad 2 contains 468 amino acid residues (Fig 2-1) and shows 99.1% 
identity with zebrafish Smad 2 (Dick et al , 2000) and about 95% identity with 
mammalian Smad 2 (Baker and Harland, 1996; Osaki et al., 1999; Riggins et al., 
1996) (Fig 2-2). 
The sequence of goldfish Smad 3 cDNA contains 3558 bp with a potential 
polyadenylation site (AATAAA) 12 bp upstream of the poly(A) tail (Fig 2-3). The 
deduced amino acid sequence of Smad 3 contains 422 residues and shares high 
homology with zebrafish Smad 3 (97.4% identity) (Pogoda and Meyer, 2002) and 
aobut 93% with the Smad 3 of mammals including humans (Chen et al., 1996b; 
Kano et al., 1999; Zhang et al., 1996) (Fig 2-4). 
Both of the goldfish R-Smads (Smad 2 and Smad 3) contain the phosphorylation 
SSXS-motif at their carboxyl-terminal. As in other species, a comparison between 
goldfish Smad 2 and Smad 3 MHl domain reveals that the main difference is the 
presence of two stretches of amino acids in Smad 2 that are lacking in Smad 3 (data 
not shown). It has demonstrated that these two additional stretches of amono acids 
that are lacking in Smad 3 prevent the Smad 2 from binding to SBE (Dennler et al.， 
1999). Thus, Smad 3, but not Smad 2，can bind to SBE to exert its transcriptional 
activity. 
Goldfish Smad 4 has 2466 bp encoding a protein of 505 amino acids (Fig 2-5). 
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The deduced amino acid sequence is 91.2% identical with common carp Smad 4 
(GenBank, Accession no.: BAB71791) and about 83% identical with mammalian 
Smad 4 (Anna and Devereux, 1997; Hahn et al., 1996; Osaki et al., 1999) (Fig 2-6). 
Sequence analysis of the goldfish Smad 4 has identified a characteristic feature of 
Smad 4- proline-rich Smad 4 activation domain (SAD; Fig 2-6)，which is essential 
for mediating its signaling activities (de Caestecker et al., 2000). 
Goldfish Smad 7 has 1783 bp with two potential polyadenylation sites (AATAAA) 
located upstream of the poly(A) tail (Fig 2-7). The amino acid sequence of Smad 7 
contains 377 residues and shows 97.6% and about 73% amino acid identity with 
that of zebrafish (Pogoda and Meyer, 2002) and mammals (Nakao et al., 1997a; 
Stopa et al., 2000), respectively (Fig 2-8). Like another I-Smads, it lacks the 
carboxyl-terminal phosphorylation SSXS-motif that is present in the R-Smads (Fig 
2-7) (Kretzschmar and Massague, 1998). 
2.3.2 Tissue distribution of Smad 2, 3, 4 and 7 expression 
As potential signal transducing molecules, Smad proteins are expected to be 
co-expressed in the tissues with activin and its receptors. To test this idea, I 
examined the expression of Smad 2，3, 4 and 7 as well as activin 队(Act/3A) and /SB 
(ActiSB) subunits, activin type IB (ActRIB) and IIB receptor (ActRIIB), in a variety 
of goldfish tissues using RT-PCR with gene-specific primers (Table 2-2). All the 
genes, except Act/5A, exhibited ubiquitous expressions in all tissues examined 
including the gill, brain, pituitary, heart, muscle, liver, kidney, ovary and testis (Fig 
2-9). However, the expression level of these genes varied significantly among 
different tissues. The high expression of ActjSB subunit was observed in all tissues 
investigated except the liver. Unlike ActjSB, Act/3A mRNA exhibited more 
divergent expression patterns in different tissues with its level being high in the brain, 
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liver and testis and low in the muscle and kidney. Interestingly, the signals in the 
gill and pituitary were only detected at high amplification cycles (35 cycles), and no 
signal was detected in the ovary. For the ActRIB expression, the strongest 
expression was detected in the ovary while the weakest signal was observed in the 
pituitary and liver. ActRIIB was highly expressed in the ovary while the weakest 
signal was found in the muscle. 
Smad 2, 3 and 4 have been suggested to be mediators of activin signaling 
(Baker and Harland, 1996; Chen et al., 1996b; Zhang et a l , 1996) whereas Smad 7 
functions as a downstream negative modulator of activin signaling (Hayashi et al., 
1997; Ishisaki et al.，1998; Nakao et a l , 1997a). Similar to ActpB subunit, the 
expression of Smad 2 was observed in all the tissues except the liver. In 
comparison with Smad 2, Smad 3 exhibited more ubiquitous expression in all the 
tissues. The highest expression of Smad 4 was observed in the gonads (the ovary 
and testis) while the weakest signal was found in the muscle and the liver. For 
Smad 7，the strongest signal was detected in the gill whereas the weakest expression 
level was observed in the pituitary and muscle. 
2.3.3 Validation of semi-quantitative RT-PCR assays for Smad 2, 3, 4 and 7 
By using the cycle numbers which generate the half-maximal PCR amplification, 
serially-diluted plasmid templates containing target DNA fragments were used to 
perform PCRs. As shown in Fig 2-10，a clear linear relationship between template 
input and the output of PCR amplification for Smad 2，3，4 and 7 (data for P-actin not 
shown) was observed, indicating the feasibility of the assays for quantitating mRNA 
levels after RT. 
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2.3.4 Activin regulation of Smad 2’ 3, 4 and 7 expression in cultured goldfish 
pituitary cells 
To investigate whether activin regulates the expression of its signaling Smads in 
the goldfish pituitary, I examined the effect of goldfish activin B on the level of 
Smad 2，3，4 and 7 mRNAs in the cultured pituitary cells using semi-quantitative 
RT-PCR method. Recombinant goldfish Activin B (10 U/ml) significantly 
stimulated Smad 3 and Smad 7 expression in a time-dependent manner, but it had no 
significant effects on Smad 2 and Smad 4. Activin B induced a significant increase 
in Smad 3 mRNA expression at 1.5 h of the treatment and the effect reached its peak 
level at 3 h followed by a decline at 6 h (Fig 2-11). The stimulatory effect on Smad 
7 expression was also observed at 1.5 h of the treatment and it reached the maximal 
level at 6 h. When measured at 3 h of the treatment, activin B stimulated Smad 3 
and Smad 7 expression in a dose-dependent manner. The maximal stimulation of 
Smad 3 and Smad 7 were observed at 10 U/ml (Fig 2-12) with the effect on Smad 7 
appearing to be more prominent than that on Smad 3. 
2.3.5 Smad 2, 3, 4 and 7 regulate the basal and activin-induced goldfish FSHP 
transcription in LPT2 cells 
Our previous studies have demonstrated that activin stimulates goldfish FSH 
expression (Yam et al., 1999a; Yuen, 2001)，and the stimulation is mediated at the 
promoter level (Ge et al., 2003). However, the signaling mechanism underlying this 
stimulation remains unknown. In the tetrapods, both Smad 2 and 3 have been 
documented to be involved in the activin signaling in different model systems (Baker 
and Harland, 1996; Chen et a l , 1996b; Zhang et al., 1996). To investigate if Smad 
2 and 3 are responsible for activin stimulation of goldfish FSHp expression, the 
effects of overexpression of Smad 2 and 3 on the basal and activin-induced gfFSHp 
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promoter activity in L(3T-2 cells, a mouse gonadotroph cell line (Aland et al., 1996)， 
was examined using transient transfection. Overexpression of both Smad 2 and 
Smad 3 significantly increased the transcriptional activity of gfFSHp promoter in a 
clear dose-dependent manner when compared to the pBK-CMV vector control. 
Interestingly, compared with Smad 2，the overexpression of Smad 3 had much higher 
stimulatory effect on gfFSHp promoter activity (Fig 2-13). When co-expressed, 
Smad 2 and 3 produced a further increase in both the basal and activin-stimulated 
gfFSHp promoter activity (Fig 2-14). As Smad 4 is a common mediator of Smad 
signaling (Kretzschmar et al.，1997; Macias-Silva et a l , 1996; Nakao et al., 1997b; 
Zhang et al., 1996), the effects of overexpression of Smad 4 on transcription was also 
investigated. Overexpression of Smad 4 alone had no effect on gfFSHp 
transcription, but its co-transfection with Smad 2 and Smad 3 produced a further 
increase in the basal and activin-induced gfFSHp transcription (Fig 2-14). 
Smad 7 has been reported to down-regulate activin signaling by blocking the 
activation of Smad 2 or 3 by activin receptors (Hayashi et al., 1997; Ishisaki et al., 
1998; Nakao et al., 1997a). As shown by the experiment described above, activin 
significantly increased the expression level of Smad 7 in cultured goldfish pituitary 
cells (Fig 2-11，2-12). This result prompted us to investigate if Smad 7 plays a 
potential role in the signaling of activin stimulation of FSHp expression. 
Overexpression of Smad 7 significantly reduced the basal gfFSHp activity. 
Furthermore, when co-expressed with either Smad 3 alone or Smad 2, 3 and 4 
altogether, Smad 7 also dramatically suppressed the Smad 3 or Smad 2, 3 and 
4-induced transcriptional activity of gfFSH[3 promoter in the LpT2 cells (Fig 2-14). 
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2.3.6 Autocrine regulation of the gfFS邱 transcription by activin in 1(372 cells 
As seen in Fig 2-13 and 2-14, overexpression of Smads, particularly Smad 3, 
dramatically increased the basal of the gfFSH/3 promoter activity. As only the 
activated-Smad proteins are able to regulate their target genes, suggesting that the 
L/3T2 cells may produce activin by themselves, and the endogenous activin may act 
on its receptor on the LI3T2 cells to activate Smads and in turn regulate the gfFSH/3 
expression. To test this hypothesis, gene-specific primers for mouse activin 
subunits (mActjSA and mAct/SB in Table 2-2) were designed to detect the expression 
of both activin subunits in the L/3T2 cells using RT-PCR. As shown in Fig 2-15, 
activin (3B but not /3A was expressed in the Lj8T2 cells. To further assess the impact 
of the endogenous activin on the transcriptional activity of gfFSH/3 promoter, a 
kinase-defective activin type II A receptor which acts as a sominant negative mutant 
to block activin action [ActRIIA(-)，So and Ge, unpublished], was overexpressed 
together with Smads, and its effect assessed in the presence or absence of activin. 
As shown in Fig 2-16，overexpression of ActRIIA mutant significantly reduced the 
basal as well as activin-induced gfFSHjS transcription in the presence or absence of 
Smads. On the other hand, the addition of exogenous activin only resulted in slight 
increases of the transcriptional activity which is also observed in most experiments 
(Fig 2-13，2-14 and 2-16). These data suggest that the L/3T2 cells may produce 
high level of endogenous activin which may mask the effect of exogenous activin. 
To test this hypothesis, I examined the effect of follistatin, an activin-binding protein 
that binds and inactivates activins (DePaolo et al., 1991; Nakamura et al., 1990) on 
the gfFSHjS promoter-driven reporter expression in the L/3T2 cells. In this 
experiment which slightly different from the previous on (Fig 2-13，2-14 and 2-16), 
the cells were pretreated with follistatin at the time of transfection for 24 h followed 
by drug treatement for 24 h. As shown in Fig 2-17，activin treatment significantly 
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stimulated the basal and Smad-mediated FSHjS transcription when comparing with 
previous experiments and this effect was abolished by follistatin. Furthermore, 
follistatin alone also significantly reduced the basal and Smad-mediated FSH/3 
transcription without addition of exogenous activin. 
Since activin and TGF/3 share the same R-Smads (Smad 2 and 3) for their 
signaling, I also performed an experiment to determine if TGF/3 exerts similar effect 
on the gfFSHjS transcription in the L/5T2 cells and whether Smad 2 or 3 is involved. 
In this experiment, follistatin was first added to pre-treat the LjST2 cells before drug 
treatment to minimize the effect of endogenous activin on FSHjS transcription. As 
shown in Fig 2-18, human TGFjSl had no effect on the basal and Smad-induced 
FSHjS transcription. 
2.4. Discussion 
In the present study, I have cloned the full-length cDNAs of Smad 2，Smad 3， 
Smad 4 and Smad 7 from the goldfish pituitary. Based on the amino acid sequence 
analysis, the high homology of all the Smads with those of other vertebrates 
including humans suggests that these proteins play critical roles in cellular signaling 
across vertebrates. 
Activin has wide tissue distribution in vertebrates including the goldfish (Ge et 
al., 1993; Ge et al., 1997a; Meunier et al., 1988). To provide evidence for diverse 
roles of activin in different tissues, I examined the spatial expression patterns of 
activin signaling molecules Smad 2，3, 4 and 7 together with activin subunits (activin 
卢A and (3B) and its receptors (type IB and type IIB) in a variety of tissues. Activin 
阳 was found to widely express in different tissues examined. In contrast, the 
expression of activin /3A showed much greater variation among different tissues with 
high expression levels observed in the testis, brain, liver, heart and muscle, but not in 
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other tissues, particularly the pituitary and ovary. The lack of expression of activin 
PA in the ovary samples used in the present study agrees with our previous 
observation using Northern blot analysis that the expression of activin pA in the 
goldfish ovary showed great variation among different individuals from high 
expression to non-detectable levels (Yam et al., 1999b). The reason for such 
dramatic individual variation is unknown, and it may have something to do the 
developmental stage of the ovary used. Using zebrafish as the model, my 
laboratory recently demonstrated that during ovarian and follicle development, 
activin pB showed relatively constant expression, whereas activin PA exhibited 
significant variation depending on the developmental stage (Wang and Ge, 
unpublished). The different expression patterns of activin (3A and (3B in the body 
suggest that the two subunits may have differential functions in different tissues. 
Similar to activin PB subunit, all the activin receptors and Smads tested are 
expressed in all the tissues examined. These data support the notion that activin 
plays different autocrine/paracrine roles in a variety of tissues, and the Smad proteins 
may be essential mediators of activin signaling pathway in these tissues. 
As the mediators of activin signaling, the Smad proteins are likely subject to the 
regulation by the ligand, activin. My evidence demonstrated that activin B 
significantly stimulated the gene expression of Smad 3 but not Smad 2 in cultured 
goldfish pituitary cells. This up-regulation may represent a mechanism by which 
activin enhances the sensitivity of its target cells. The regulation of Smads by their 
ligands has been well documented in vertebrates. In human trophoblast cells, the 
expression of Smad 2 and Smad 4 is up-regulated by TGpp (Wu et al., 2001). Also, 
TGpp stimulates Smad 2 expression in hen granulosa cells (Li et al., 1997)，and 
suppresses the expression Smad 3，but not Smad 2, in human lung epithelial cells 
(Yanagisawa et al., 1998). Moreover, TGF(3 down-regulates Smad 3 expression 
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with no effect on Smad 2 and Smad 4 expression in human mesangial cells (Poncelet 
et al., 1999). Thus, the regulation of Smad expression by their ligands is likely to be 
tissue specific. 
In addition to regulating Smad 3, activin also significantly stimulates the 
expression of Smad 7, an inhibitory Smad that blocks activin signaling. This is 
consistent with the findings reported in other species (Bilezikjian et al., 2001; 
Hayashi et al., 1997; Ishisaki et al , 1998; Nakao et al , 1997a). As Smad 7 is a 
negative modulator of activin signaling pathways, the induction of Smad 7 gene 
expression by activin suggests that Smad 7 may serve as part of an intracellular 
negative feedback loop to keep activin signaling in check. This further strengthens 
a recent finding in my laboratory that activin significantly increased the expression 
of follistatin, its binding protein that is secreted to the outside of the cells, in the 
goldfish pituitary cells, which may represent another level of negative feedback 
regulation of activin in the pituitary (Cheng and Ge, unpublished). These results 
suggest that Smad 7 may be important for rapid inactivation of signaling while 
follistatin plays more important role in the tonic control of activin signaling 
(Bilezikjian et al , 2001). 
In the pituitary, activin is considered as a key regulator of FSH production and 
secretion in different species. In the present study, I have shown that the goldfish 
FSHjS promoter is also regulated by activin in the Lj(3T2 cells. These data are 
consistent with several previous studies in which ovine and rat FSH/3 promoter were 
shown to respond to activin (Huang et al.，2001; Pemasetti et al., 2001; Suszko et al., 
2003). As the L/3T2 cells have been shown to express activin j8B subunit and all four 
activin receptors (ActRIA, ActRIB, ActRIIA and ActRIIB) (Pemasetti et al , 2001), 
the induction of goldfish FSHjS promoter transcription by the recombinant goldfish 
activin B in the L(3^T2 cells indicates that the activin signaling pathway involved in 
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FSHp transcription is intact and functional in the cells, and the regulation of FSHp 
transcription by activin is conserved between the species. 
Although activin was first identified in the gonads as a potent stimulator of 
pituitary FSH biosynthesis (Ling et al, 1986b; Vale et al , 1986) and this action has 
been demonstrated in a variety of vertebrate species including fish (Corrigan et al , 
1991; Rivier and Vale, 1991; Weiss et al , 1992; Yam et al , 1999a; Yuen, 2001), the 
molecular mechanisms underlying the regulation has remained largely unknown 
despite that the actions of activin have been well characterized in a variety of model 
systems. This is mainly due to the lack of an appropriate in vitro system. The 
recent establishment of mouse gonadotroph cell line, LPT2 cells, offers an excellent 
model to address the issues on the molecular mechanisms governing the expression 
of gonadotropins. Using the LPT2 cells, I have analyzed the potential roles of 
individual Smad proteins in the regulation of goldfish FSH(3 promoter activity with 
regard to the stimulation by activin. 
The overexpression of Smad 2 or Smad 3 increased while overexpression of 
Smad 7 reduced the gfFSHp transcription. While the overexpression of Smad 4 
alone had no effect on the promoter, it elicited an increase in the basal and 
activin-induced gfFSHp transcription when cotransfected with Smad 2 and Smad 3. 
On the other hand, although both Smad 2 and Smad 3 showed positive effects on the 
activity of gfFSHp promoter, the increase induced by Smad 3 was much higher than 
that by Smad 2, suggesting that it is Smad 3 but not Smad 2 that is likely involved in 
the activin-stimulated FSH(3 expression in the goldfish pituitary. This is 
surprisingly similar to a recent report in the rat that Smad 3 but not Smad 2 
stimulated the rat FSHp promoter transcription in the LPT2 cells (Suszko et al , 
2003). In contrast, the ovine FSHp transcription activity was strongly reduced by 
the overexpression of dominant negative Smad 2 or Smad 7 in the LPT2 cells 
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(Dupont et al , 2003). These results, together with my findings in the present study, 
indicate that although the stimulation of FSH biosynthesis by activin is highly 
conserved across vertebrates, the molecular mechanisms involved may diverse 
among different species. In the present study, it was found that the FSHp 
transcription is stimulated by overexpression of R-Smads, particularly Smad 3, while 
reduced by overexpression of Smad 7 in the absence of exogenous activin. 
The significant effects of Smads on the basal activity of gfFSHp promoter 
without stimulation by the exogenous activin suggest that the cells may produce its 
own activin that contributes to the basal transcriptional activity of the promoter. 
This is further supported by the detection of activin (36 subunit in both the present 
study and the study reported by Pemasetti et al. (2001). The functional role of the 
endogenous activin was further demonstrated by the administration of follistatin, 
which not only abolished the stimulatory effect of exogenous activin but also 
reduced the basal level of FSHp transcription, and the overexpression of the 
dominant negative mutant activin type II A receptor, which resulted in decreased 
basal and Smad-induced FSHp transcription activity. These data strongly suggests 
that the LpT2 cells produce activin which, in turn, activates its receptors and the 
downstream mediators, Smads, to regulate the FSHp transcription. The presence of 
endogenous activin also explains why the effect of exogenous activin on FSHp 
promoter is generally not as high as that of overexpressed R-Smads in the L(3T2 cells, 
which also suggests that the level of intracellular Smads, particularly Smad 2 and 3， 
is likely one of the limiting factors in controlling the magnitude of activin activity. 
The present study also demonstrated that although TGFp shares the R-Smads 
with activin in other model systems, it had no effect on the FSHp transcription. 
This, together with the nearly complete suppression of the effects of overexpressed 
Smads by ActRIIA (-)，indicates that the Smad-mediated gfFSHp transcription in the 
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LpT2 cells is mainly due to the action of activin. This is consistent with a previous 
report that TGFpi and TGFP2 had no effect on the ovine FSHP promoter in the LPT2 
cells (Ethier et al.，2002). The lack of TGpp effect is likely due to the lack of its 
receptors in the LPT2 cells. 
In summary, the full length of Smad 2，Smad 3，Smad 4 and Smad 7 have been 
cloned. The spatial expression of these Smads with the activin subunits and its 
receptors has shown that activin and its downstream signaling Smads are widely 
distributed in the various tissues examined. Also, the regulation of Smads and their 




GCCCCTCATAATCCGCCCAGAGACCCTCTTCCTAAATCCCAGTTAGGAACGTTGGGTCTGTTCCTCCCCATTCTCTCAGCCTCCATCTGT 1 8 0 
M S S I L P F T P P V 
CTCCCTAACTCCACCTGCCCAGTAGGGGQCTGACCGCTTATTGGACACCCCAGAAGCATGTCCTCCATCTTGCCTTTCACTCCGCCT5TG 2 7 0 
V K R L L G W K K S A S G S S Q A G G G G E Q N G Q E E K W 
OTOAAGCGTCTGCTGGGCTQGAAQAAGTCGOCCAGCGGTTCGAGCGGAGCQGGAGGCGGAGGAAAGCAGAACGGCCAGGAGGAGAAATGG 3 6 0 
C E K A V K S L V K K L K K T G Q L D E L E K A I T T Q N C 
TGCGAGAAGGCTOTTAAAAOCCTGOTAAAGAAGCTGAAGAAGACGGGCCAGCTGGACGAGCTGGAGAAAGCCATCACCACACAGAACTGC 4 5 0 
MHl 
N T K R V T I P S N C S E I W G L S T P N T I E Q W D T S G 
AACACCAAGCGTOTCACCATTCCCAGCAATTGCTCTOAAATTTGGGGACTGAGTACACCAAATACGATAGAACAGTGGGATACCTCAOGC 5 4 0 
L Y S Y P D Q T R S L D G R L Q V S H R K G L P H V I Y C R 
CTTTACAGCTACCCTQACCAAACCAGATCTCTGGACOGCCGTCTGCAGGTGTCTCACCGCAAAGGTCTGCCTCATGTCATCTACTGCCGC 6 3 0 
L W R W P D L H S H H E L R A I E T C E Y A F N L K K D E V 
CTOTGGCGATQGCCCGACCTGCACAGCCACCACGAGCTGCGCGCCATCGAGACCTGCQAGTACGCCTTCAACCRCAAGAAGGATGAAGTC 7 2 0 
C V N P Y H Y Q R V E T P V L P P V L V P R H T E I L T E L 
TGCGTCAACCCCTACCACTACCAGCOGGTGGAAACGCCAGTTCTTCCTCCTGTCCTCGTGCCAAGACACACGGAGATCCTGACCGAGCTG 8 1 0 
P P L D D Y T N S I P E N T N F P T Q I E P P N N Y I P E T 
CCTCCTCTQGACQACTACACCAACTCCATACCTGAAAACACCAACTTCCCAACAGGGATCGAGCCTCCTAACAATTATATACCAGAAACT 9 0 0 
P P P G Y I S E D G E A S D Q Q M N Q S M D T G S P A E L S 
CCTCCACCGGGATACATCAGTQAGGATGGGGAAGCCAGCGACCAGCAGATGAATCAAAGTATGGACACAGGTTCTCCTGCAGAGCTGTCA 9 9 0 
P S T L S P V N H G M D L Q P V T Y S E P A F W C S I A Y Y 
CCOAGCACACTCTCGCCTGTCAATCATGGCATGOACCTTCAGCCAGTGACTTACTCGGAGCCCGCTTTTTGGTGCRCTATAGCTTACTAT 1 0 8 0 
E L N Q R V Q E T F H A S Q P S L T V D G F T D P S N S E R 
QAACTCAACCAOCOGGTCGGAGAAACCTTCCACGCCTCTCAACCGTCCCTCACCOTCGACOOCTTCACAGACCCCTCCAACTCCGAGCGC 1 1 7 0 
F C L Q L L S N V N R N A T V E M T R R H I G R G V R L Y Y 
TTCTOCCTOOOOCTGCTGTCCAACGTCAACCGCAACGCCACCGTGGAGATGACCCGGAGACACATAGGACGAGGGGTCAGGCTGTATTAT 1 2 6 0 
I G Q E V F A E C L 3 D S A I F V Q S P N C N Q R Y D W H P 
ATTAGTOGGGAAGTGTTTGCCGAATGTCTCAGCGATAGTGCCATCTTTGTTCAAAGCCCTAACTGTAATCAAAGGTATGACTGGCACCCT 1 3 5 0 
MH2 
A T V C K I P P G C N L K I F N N Q E F A A L L A Q S V N Q 
OCGACGGTCTGTAAAATCCCTCCAGGCTGTAACCTTAAGATCTTTAATAACCAGGAGTTTGCGGCACTGCTGGCTCAGTCGGTGAACCAG 1 4 4 0 
G P E A V Y Q L T R M C T I R M S F V K G W G A E Y R R Q T 
OGCTTTGAGGCAGTATATCAGCTQACCAGGATOTGCACTATTCGAATGAGTTTCGTCAAAGGCTGGGGAGCCGAGTACAGACQACAGACG 1 5 3 0 
V T 3 T P C W I E L H L N Q P L Q W L D K V L T Q M G S P S 
GTGACAAQCACCCCCTGCTGGATCGAGCTTCACCTGAACGGCCCCCTGCAGTQGCTGGACAAGGTCCTGACCCAGATOGGCTCGCCCTCC 1 6 2 0 
V R C S S M S * 
GTACGCTGTTCCAGTATOTCCTAATTGCCGTGACCAAGCTCTCTGTCCTCTGCCCCCAAAACGACTGATTCTACAATCACACCAACCGAC 1 7 1 0 
AACTCAAAAQACTTTAACCCCGCCCCCTCTCTCTCTTTCATAGTACTCGTGAGCCTTTCTCTATCTCTGTCCTCCTGACACTGATGTTCT 1 8 0 0 
CTCCGTTCGOACCTQAATTCAGCACTTGCTOTCTCATCAGCTTCTTOCACCTTTAATTCTCTCTTGTTTTCTTTCATAAACCCTTAATAT 1 8 9 0 
TAAATGTATTAGTAOTAGAATTTGAAATGTATATTGGTTTTTATTTTATTTTCATGGTTTTCGAGAAGGAGGGAAGGTGCOTATGTTGTG 1 9 8 0 
TGGAAGTTCAAOAAOGCCOTAAATAACTTCACACACTTGTAGCGGCAAGGCTRRTCTCCCCCTGATGAAGTAAATACTCTQAAACTCTTT 2 0 7 0 
TAACGATTAATTTACCTOQATGCCGATCCCAATCCTGTCGTTCAAGGAOGTTACTTTTTCTGGCAAAAAGTTGCGTTATTTGTTTTTATA 2 1 6 0 
CACTGTGTTATTGTGTAGATTGACACCTTQAAACTTAATTATGGTTTTTGATTTCTTTCGTAAAGCCAAAAGATACTTTTATTTTAATTT 2 2 5 0 
TATTTTTTTCGATTTCTTTCCCCAAGCCACTAAOAAAGTTGCCTTTAATTTOAGGTATGCTGCTGTAAGTCATGCTTCTTTTCTTCAAAC 2 3 4 0 
TTATAOAATOTTTTACACAAACACACACACACAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 2 4 0 2 
Fig 2-L DNA and deduced amino acid (AA) sequences of goldfish Smad 2. The 
MHl and MH2 domains are underlined and denoted on the sequence. The shaded 
gray AA sequence represents the Ser-Ser-X-Ser (SSXS) motif. 
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gSmad2 1：MSSILPFTPPWKRLLGWKKSASGSSGAGGGGEQNGQEEKWCEKAVKSLVKKLKKTGQLD 
zSinad2 1：  
hSmad2 1: G..G..- R . . 
inSmad2 1: G..G..- Q R . . 
rSmad2 1: G..G..- R . . 
gSinad2 61:ELEKAITTQNCNTKRVTIPSNCSEIWGLSTPNTIEQWDTSGLYSYPDQTRSLDGRLQVSH 
zSmad2 61: R...C  
hSmad2 61: C T D T FSE  
inSmad2 61: C T A. .VD T FSE  
rSmad2 61: C T A. .VD T FSE  
********** *** ***** ********* ** **** **** ************* 
gsmad2 121: RKGLPHVIYCRLWRWPDLHSHHELRAIETCEYAFNLKKDEVCVNPYHYQRVETPVLPPVL 
zSmad2 121： Q  
hSmad2 121： K. . .N  
mSmad2 121 . .N  
rSmad2 121： K … N S  
gSmad2 181:VPRHTEILTELPPLDDYTNSIPENTNFPTGIEPPNNYIPETPPPGYISEDGEASDQQMNQ 
zSinad2 181: 
hSmad2 181: H A QS T L " 
inSmad2 181: H A. ...QS T L.. 
rSmad2 181: H A. . . .QS T....L.. 
gsmad2 241:SMDTGSPAELSPSTLSPVNHGMDLQPVTYSEPAFWCSIAYYELNQRVGETFHASQPSLTV 
zSinad2 241: 
hSmad2 241: T SL  
mSinad2 241: T SL  
rSmad2 241: T SL  






gSinad2 361: PNCNQRYDWHPATVCKIPPGCNLKIFNNQEFAALLAQSVNQGFEAVYQLTRMCTIRMSFV 
zSinad2 361; G  
hSinad2 361: G  
mSmad2 361: 6 
rSinad2 361: G  
gSinad2 421: KGWGAEYRRQTVTSTPCWIELHLNGPLQWLDKVLTQMGSPSVRCSSMS 





Fig 2-2. Alignment of deduced amino acid sequences of goldfish, zebrafish, human, 
mouse and rat Smad 2. The asterisks indicate the conserved amino acid residues. 
The dashes denote gaps in the alignments 
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GQACTTCCAACAGACCCGAGGGGCTQAACAGCATCCGCCAATCTACTCTATGGGCATAAACTTTCTATTCGTTTTGAGCTGGCCATRRCA 90 
CAGGTCCACCGACGCTACGTCTTTAAAAGCATAGGACTTTGTAGTCCCCTGATAAGGAACATATTTGAATCTGTTGTTGAGTTACTAAAG 1 8 0 
M S I L P F T P P I V K R L L Q W K K G E Q N G Q E E K W C 
ATOTCTATATTACCTTTCACGCCACCGATTGTGAAQAGACTOTTGGGCTGGAAGAAGGGTGAGCAGAACGGACAGGAGGAGAAATGGTOT 2 7 0 
E K A V K S L V K K L K K T G Q L E E L E K A I T T Q N I N 
GAAAAAGCAGTGAAGAOTCTGGTGAAGAAGTTAAAQAAGACAGGACAGTTGGAGOAGTTGGAGAAGGCCATCACCACCCAGAATATCAAC 3 6 0 
MHl 
T K C I T I P R S L D G R L Q V S H R K G L P H V I Y C R L 
GATGGCCGTCTGCAAGTGTCTCACAAAAAAACCAAATGCATCACTATACCGAGGTCTCTGGGCCTTCCCCATGTGATCTACTGCCGGCTG 4 5 0 
W R W P D L Q S H H E L R A V D L C E F A F H M K K D E V C 
TGGCGCTGGCCTOACCTQCAOTCCCACCACGAGCTGCOTGCTOTAGACTTGTGTGAGTTTGCTTTCCATATGAAGAAGGACGAGGTGTGT 5 4 0 
V N P Y H Y Q R V E T P V L P P V L V P R H A D I P T D F P 
GTGAACCCTTACCACTACCAGCGTGTAGAGACACCAGTTTTGCCTCCAGTCCTGOTTCCTCCACTGGATGATTTTATCCCTGAGAACACC 6 3 0 
P L D D F I P E N T I F P A G I E P P S N Y I P E T P P P G 
CQOCATQCTQACATCCCCACAGACTTCCCTATATTCCCAGCGGOCATTGAGCCTCCGAGCAACTATATACCGGAGACCCCTCCTCCAGGC 7 2 0 
Y L S E D G E T N D H Q M N H S M D T G S P N L S P N P V S 
TACCTGAGTGAGGATGGGGAAACCAACGACCACCAAATGAACCACAGCATGGACACAGGCTCCCCAAACCTTTCACCCAACCCTGTCTCT 8 1 0 
P A N S N L D L Q P V T Y C E S A F W C S I S Y Y E L N Q R 
CCTOCCAACAQCAACCTAGATCTGCAGCCGGTAACATATTGTQAATCCGCATTTTQGTGCTCGATTTCCTACTACOAGCTGAATCAGCGT 9 0 0 
V G E T F H A S Q P S L T V D G F T D P S N A E R F C L G L 
GTOGGCOAGACTTTCCATGCCTCGCAACCOTCTCTAACCGTAQATGGCTTTACAOACCCCTCTAACGCAGAGCGCTTCTGTCRGGGCCTG 9 9 0 
L 3 N V N R N A A V E L T R R H I G R G V R L Y Y I G G E V 
CTOTCCAACGTCAACCGCAATGCAGCCGTGOAACTGACGCGCAGACACATCGGCCGAGGTGTGCGTTTGTATTACATCGGCGGTGAGGTG 1 0 8 0 
MH2 
F A E C L S D S A I F V Q S P N C N Q R Y G W H P A T V C K 
TTTGCTGAGTOTCTQAGCAACAGTGCTATTTTCOTCCAGAGTCCAAACTOTAACCAQCGGTATOQCTOGCACCCTGCCACAGTATGTAAG 1 1 7 0 
I P P G C N L K I F N N Q E F A A L L A Q S V N Q Q F E A V 
ATTCCTCCAGGCTGTAATCTGAAGATCTTCAATAATCAGQAATTTGCAGCTCTGTTGGCCCAATCAGTQAATCAGGGATTTGAGACTGTT 1 2 6 0 
Y R L T R M C T I R M S F V K Q W G A E Y R R Q T V T S T P 
TACCOOCTGACCCGCATGTOCACCATTCGCATQAGITTCGTCAAAGGCTGGGGGGCAGAATACCGGAGGCAGACAGTGACCAGCACCCCC 1 3 5 0 
C W I E L H L N G P L Q W L D K V L T Q M G S P N L R C S S 
TGCTOGATTQAOTTOCATCTCAACOGCCCCCTGCAOTGGCTGGACAAAGTGCTCACTCAGATGGGCTCTCCGAACCTCCGCTGCTCCAGC 1 4 4 0 
V S * 
GTCTCATAGOACAAACCCTCAGCCCOTTTCATGTAACTTTACCTTTCTAATOACATCTTCTGTTGCTGCTGAATGCCAAGCAAACAAACA 1 5 3 0 
GAOCGAAACCGAAAACGOOGOAGACAAAACACCTGCTGGACTCCTCAGACTGTCACTTGATCTTTTACAGATCCTAAGATTTTQCTGTGG 1 6 2 0 
OCAAAAATAGACACGTACAGTTGAAGCACTTTQAACAATQACACGCAAGGAGCATGGATCATATTTCCTCAGTGTTTGAAATGAGGCATT 1 7 1 0 
TTCCTCATTGTGAATTTAAATOTOAAAATGAAATCATGATTTTGTCCGTTTTTGTTTTGATCGAGAAGTOTATCACGCATTTAATTTGAT 1 8 0 0 
CTGAAGOTATTCAAATCTTGGGCTCAGAATATGATTOCTCAAAATCATAAACATCCTCATGGGGGGGCCTCAAAGAGTGCTTCGTTTCCA 1 8 9 0 
CCACCTTCAGTQAAQGGGTTOTGTGTOAACTTTTACAOTATACTAOTTGCTTCGGAAAGCTGTTTGTGTGTAAGTAAATTGCACTGCGCT 1 9 8 0 
OGACAGGTCTCTATATATAATOTTQATTOCCTTTGOTCTCATATGCACOGTCGACCAGGTTTATATACAGGAACTGAGTGTGTAGAGTTA 2 0 7 0 
TAACAGAGTTACTTAGCCTTGATTATGAAAAGCACTTGTTTGOAAAAGCACCCAGTGATGGCGTGAACAAGAAAATAGCATTOQAAATTT 2 1 6 0 
OTCAOTOACAAATGCTAGTAGCTAATAOTGCCATTTTATTTCTTQAACTTGATGGTTACAGTTTGACCTATGCTCAGCAAATACATTTTG 2 2 5 0 
TATTAAGTATTTTTOCATTATAAACTOAATOGAGATTGCAAAAAAGTATATTTTTACTGCTGCCATAGGGTATTGCAATTAAGAAACTTG 2 3 4 0 
TCACATGACACACAGATATAAAAAOATGTCACATTAGCAAAATTTCACTGATTTTTAGTCTGTTGTCAACAATGTTGTGAATATATTTAG 2 4 3 0 
CATCAQATTTTTTCATQATTGCAQAOACTCCTCTATCGAGATGACTGGATTCTQCCTOTGAAAACTCACAACCATTAGTCTTTACTTTAC 2 5 2 0 
TTTTCTTTTCAOCAATCQCCTGATTTCATCOTCCTTTCATTGATTCTGTTCTTTGTATGATTGGGGCATCGAAGGCATGTCTGAAACTCA 2 6 1 0 
QAACTGTCAATCCATTGAGCTCAAAACTTGTTTAACAACTAACAACATTTCATGTCTTTACATACTATGCGGTTTTACCGTCTGAGTGGG 2 7 0 0 
TAAAAAAAAATTCCACTATTTAGAOTTTTTATTTTTCACTQAAAAATAGAAQGCAGQTACTGCTGGCAGCTCTTGQAAAGCATGTATTTA 2 7 9 0 
CATOTAAAAGTTQATTTCACAAGAGAATAGTGTAAATGGCTAGATTTTTATOTGGACACTTTGCTCATCATGTTATTCCAATCCCTTGAT 2 8 8 0 
TTGTTTAOTACTGACATTTAACAACTAACTCAATGCATQGTATGQCTTTTAACAGCATATACTGTACATCAGCAGTCCAAAAGCATGTTT 2 9 7 0 
CATATTTTGTTGQAGGATGTCTGGTCTCAAGGAATAAGCTCTGAATCACTGATCGTGGAAATCCTGACGATCTCGOTTTGATTTTTATTG 3 0 6 0 
AACAACTGATGCTCGTCTTCOATTTCCCCCAAGTTATGTTTTTTTGCTATTAATCTTGTCGGCTCTTCATCTGTGACTCAACAGGGCCAA 3 1 5 0 
AOCACACATTOQACTGTTGATATTATTCAGATTTTGCTGGAATATTGCTTATAACCTGTTTATRRTCTTGCACTCTTGATTTGGAAGCAA 3 2 4 0 
ATACAACATTCTTTOTCTTACAGTGTCAOTAATTTCATTCATATTATQAAACTGCTGCTTAGTTCGATTCCCCGGGAACACATGATATGT 3 3 3 0 
AAAAATTQATAGCCTTGAATGCACTGTAAGTCGCTTTGGATAAAAQCGTCTACTAAATGCATAAATTTAAAATTTAATTTAATTTAGTTC 3 4 2 0 
TTGQTTCCCCTGAATTTCCTTTTTGCTTTTCTGTAACGTTACACTCATGTTTACTTCTCTTGCATTCACTGTCATATTGACTTATGTAAG 3 5 1 0 
QTTTAAT[^TAAA|AQATTTAAGAACAAAAAAAAAAAAAAAAAAAAAAA 3 5 5 8 
Fig 2-3. DNA and deduced amino acid (AA) sequences of goldfish Smad 3. The 
potential polyadenylation signal (AAUAAA) is boxed. MHl and MH2 domains are 
underlined and denoted on the sequence. The shaded gray AA sequence represents 
the Ser-Ser-X-Ser (SSXS) motif. 
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gSmadS 1 ： M-SILPFTPPIVKRLLGWKKGEQNGQEEKWCEKAVKSLVKKLKKTGQLEELEKAITTQNI 
zSmadS 1:.-
hSinad3 1:.S D V 
mSmadS 1： . S D v 
rSmadS 1:.S D V 
* ********************************************** ********** 
gSmad3 61:NTKCITIPRSLDGRLQVSHRKGLPHVIYCRLWRWPDLQSHHELRAVDLCEFAFHMKKDEV 
zSmad3 61: K EM T  
hSmadS 61: H ME N  
mSmadS 61: H ME N  
rSmadS 61: H ME N  
* * * * * * * * * * * * * * * * * * * ***************** ******* ***** ***** 
gSmadS 121:CVNPYHYQRVETPVLPPVLVPRHADIPTDFPPLDD--F-IPENTIFPAGIEPPSNY--I-
zSmadS 121: R --YS --.-
hSmad3 121: TE. .AE YSHS N Q. .IPEVG 
mSmadS 121: TE. .AE YSHS N Q. .IPE--
rSmadS 121: TE. .AE YSHS N Q. .IPE--
********************** ** ****** ***** ******* * * 
gSmad3 181:---PE---TPPPGYLSEDGETNDHQMNHSMDTGSPNLSPNPVSPANSNLDLQPVTYCESA 
zSmadS 181: .. S. . . . S T  
hSmad3 181:TWAAQAGL S A M."HN P. 
mSaiadS 181: S A M … H N P. 
rSmadS 181: S A M...HN P. 
************* **** **** *** ***** *** *********** * 
gSmadS 241:FWCSISYYELNQRVQETFHASQPSLTVDGFTDPSNAERFCLGLLSNVNRNAAVELTRRHI 
zSmadS 241：  
hSznadS 241: M S  
mSmadS 241: M S. .L  
rSmad3 241: M S  




rSinadS 301：  
gSmad3 3 61:LLAQSVNQGFEAVYRLTRMCTIRMSFVKGWGAEYRRQTVTSTPCWIELHLNGPLQWLDKV 
zSmadS 3 61: Q  
hSmad3 361: Q  
mSmadS 361   
rSmad3 361: Q  
gSmadS 421:LTQMGSPNLRCSSVS 
zSmadS 421; 
hSmadS 421： SI  
mSmadS 421: SI  
r Smad3 421: SI  
* * * * * * * ****** 
Fig 2-4. Alignment of deduced amino acid sequences of goldfish, zebrafish, 
human, mouse and rat Smad 3. The asterisks indicate the conserved amino acid 
residues. The dashes denote gaps in the alignements. 
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CAGTAGGGCGTGAGGTGCGTCGAGACTCTCGCGGTTAACATTGTTTATTTTTGTTGAGCCCAGTGACCGCTTCTGTCATTCTTTTAACAT 90 
ATATATTACGCTTAACAACGTCTAACAGAGTTCTCGCTCAAATGAAGAGCTCTTGACGTCTQTCGTCGCTTTAAATTGTTGTAGAGTCCG 1 8 0 
GCTCAAGTGTGTTACGCGCGGTTAGCCGCTAACAAGATTCACTTCAAAACCACCGAAACTGGACGGATAAACACAGACTCGTTTACAGGA 2 7 0 
CACAGAACAGGTACAGTTTGGATGGACTCTTCACTGGCCGCAGTGCATTGCTGAAACGAGTCTGAAGCAGCACACAGGAGTCTCTCTGAA 3 6 0 
M S I T N P P T S N D A C L S I V H S L M C H R 
GCCTATAACCAQCGCAGGATGTCCATCACAAACCCCCCCACCAQTAACGATGCCTGTCTGAGCATCGTGCACAGTCTGATGTGTCACAGA 4 5 0 
Q G G E S E T F A K R A I E S L V K K L K E K K D E L D S L 
CAGGGCGGCGAGAGCGAGACCTTCGCCAAACGGGCCATTGAGAGTCTGGTGAAGAAACTGAAGGAGAAGAAAGACGAGCTGGATTCGCTC 5 4 0 
MHl 
I T A I T T N G A H P S K C V T I Q R T L D G R L Q V A G R 
ATCACCGCCATCACCACCAACGGCGCTCATCCCAGCAAATQTGTGACCATACAGAGAACACTAGACGGCCGTCTCCAGGTGGCTGGTCGT 630 
K G F P H V I Y A R L W R W P D L H K N E L K H V K Y C Q F 
AAAGGATTCCCACATGTCATCTATGCACGGTTGTGGCGATGGCCAQACCTTCATAAGAACGAQTTGAAACACGTCAAGTACTGCCAGTTT 720 
A F D L K C D S V C V N P Y H Y E R V V S P G I D L S G L T 
GCCTTTGACCTGAAGTGTQACAGTGTGTGTGTGAACCCTTACCATTACGAGAGAGTCGTGTCTCCAGGAATAGATTTATCTGGACTTACA 8 1 0 
L S G S Q P S O L M V K D E Y D Y E G Q Q S L P S T E G H M 
CTTTCAGGCTCTQGTCCGTCGGQTCTGATGGTGAAGGATGAGTATGATTATGAAGGCCAGCAGTCTCTGCCCAGCACTGAGGGACACATG 900 
Q T I Q H P P S R P V A Q E P F N T P S M L P P A E G S S S 
CAQACGATTCAACACCCTCCCTCTCGCCCGGTGGCCCAGQAGCCCTTCAACACGCCCTCCATQCTCCCGCCAGCAGAGGGCAGCAGCTCG 990 
A S T S A F S S I A V G S T N A S S S W T R N S N F P P T V 
GCCTCCACCTCCGCCTTCTCCAGCATCGCAQTGGGATCCACAAACGCCAGCTCCAGCTGGACQAGGAACAGTAATTTCCCCCCCACCGTG 1080 
P H H Q N G H L Q H H P P M A H P A H F W P V H N E I A F Q 
CCTCACCATCAQAACGGTCATCTCCAQCACCATCCGCCCATGGCCCATCCAGCACACTTCTGGCCCGTTCACAACGAAATCGCGTTCCAG 1170 
p p I S N H P A P E Y W C S I A Y F E M D V Q V G E T F K V 
CCACCGATATCCAACCACCCTGCTCCAGAQTACTGGTGCTCCATCGCTTACTTCGAGATGGACGTTCAGGTGGGCGAGACCTTTAAAGTT 1260 
P S S C P I V T V D G Y V D P S G G D R F R L G Q L S N V H 
CCCTCGTCCTGTCCCATCGTGACCGTGGATOGGTACaTGGACCCCTCCGGAGGAGACCGCTTCCGTCTCGGTCAGCTCAGCAACGTCCAC 1350 
R T E A I E R A R L H I G K G V Q L E C K G E G D V W V R C 
CGAACGGAGGCCATCGAGAGAGCGAGGCTGCACATTGGGAAqgJgjCCAGCTQGAGTGTAAAGGGGAAGGGGACGTCTGGGTTCGCTGT 1 4 4 0 
L S D H A V F V Q S Y Y L D R E A G R A P G D A V H K _ _ I _ Y _ P 
CTQAGCGATCACQCCGTCTTCQTCCAaAaCTACTACTTQGATCGTGAAGCCQGTCGAGCTCCAGGAGACGCTGTGCACAAGATCTACCCC 153 0 
S A Y I K V F D L R Q C H R Q M Q Q Q A A T A Q A A A A R O 
AGCQCTTACATCAAQGTQTTTQATCTQCGTCAGTGTCACAGACAQATQCAGCAGCAGGCAGCGACCGCACAAGCAGCAGCAGCCGCTCAA 1620 
A A A V A G N I P G P G S V G G I A P A I S L S A A A G _ I _ G 
G C A G C A Q C G G T C 3 a C C G G A A A C A T C C C C C 3 Q C C C T G G A T C T G T G G G A G G A A T C G C T C C T G C T A T C A G T T T G T C T G C G G C C G C T G G A A T C G G T 1 7 1 0 
V D D L R R L C I L R M S F V K G W G P D Y P R Q S I K E T 
GTGGATQACCTCCQCCCSQCTCTQCATCCTGCQCATGAQCTTCGTGAAGGGCTGGGGTCCGGATTACCCCCGACAGAGCATCAAAGAGACG 1 8 0 0 




OAQQTGCATGCTOGQATTCCWTTaAQTCTGTTTAAATQAATTTGTTGCCAGACATTTTCTTCGTGCGGTTGCTTCACTAGCCAQTAGAGT 2 1 6 0 
CTCCCATTATOATOCCATTTCAQQTCGTCTTATTTCTTTTTCTACTTTQTTTGATCATCATCATCATCATCTCTGTAATGCAGTCCAGAG 2250 
二 咖 應 A T G T 驅 議 AQGTTTGGACTCGCAG讀 A T A A A C A ^ G = 2 3 4 0 
CATGTACCGAAQACATGCGGTTTCTTTCGTGCTTCTTACTTGCAGCTAATTGGCACTTTTTTTTTTCTTTTTTTTGCAAGTTTCTCACTG 2 4 3 0 
CATGCTTCTGATATAATCATAGCTAOACGTATTAQT 2 4 6 6 
Fig 2-5. DNA and deduced amino acid sequence of goldfish Smad 4. MH1 
and MH2 domains are underlined and denoted on the sequence. 
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gSmad4 1：---MSITNPPTSNDACLSIVHSLMCHRQGGESETFAKRAIESLVKKLKEKKDELDSLITA 
cSinad4 1： T  
hSmad4 1:MDN T  
mSmad4 1:MDN T  
rSmad4 1:MDN T  
gSinad4 61: ITTNGAHPSKCVTIQRTLDGRLQVAGRKGFPHVIYARLWRWPDLHKNELKHVKYCQFAFD 
cSinad4 61: 
hS]nad4 61: Y 春 
mSinad4 61: Y 
rSmad4 61： Y … 
gSmad4 121:LKCDSVCVNPYHYERWSPGIDLSGLTLSGSGPSGLMVKDEY--DYEGQQSLPSTEGH-M 
cSmad4 121: -- SG....-. 
hSinad4 121: QSNA. . SM VH.F. . .P. . - SI 
mSmad4 121: QSNA-PSML VH.F. . .P. . -P SI 
rSmad4 121: QSNA.PSML VH.F. . .P. . -P SI 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * ***** * *** ** **** 
gSinad4 181:QTIQHPPSRPVAQEPFNTPSMLPPAEGSSSASTSAFSSIAVGST  
cSinad4 181: A. .P TQPNSVLSGSHSSDGL 
hSmad4 181: NRAST.TYS. .AL.A.S. - .NAT. .AN.PN.P SQPASILGGSH-SEGL 
mSmad4 181 NRAST.TYSA.AL.A. . .-.NAT. .TN.PN.P SQPASILAGSH-SEGL 
rSmad4 181: NRAST.TYSA.AL.A.S. - .NAT. .TN.PN.P SQPASILAGSH-SEGL 
******** * * * * * * ** * * **** 
gSinad4 241: NASSSWT- - RNSNFPPTVPHHQNGHLQHHPPM-A 
cSmad4 241: LQIASGTGQGSQQNGFPPGQPSTYHH --
hSinad4 241: LQIASGPQPGQQQNGF-TGQPATYHH. STTT. . GS • TAPYT.NL PP 
mSmad4 241: LQIASGPQPGQQQNGF-TAQPSTYHH. STTT. . GS . TAPYT.NL R.PP 
rSmad4 241:LQIASGPQPGQQQNGF-TAQPATYHH. STTT. .GS.TAPYT.NL PP 
* ** * * * * * * * * * * * * * * * 
gSmad4 301:HPAHFWPVHNEIAFQPPISNHPAPEYWCSIAYFEMDVQVGETFKVPSSCPIVTVDGYVDP 
cSinad4 301: 
hSmad4 301: . .G.Y L  
mSmad4 301: . .G.Y L V  
rSmad4 301: . .G.Y L  
gsmad4 361:SGGDRFRLGQLSNVHRTEAIERARLHIGKGVQLECKGEGDVWVRCLSDHAVFVQSYYLDR 
cSinad4 361: C  
hSinad4 361: C  
mSinad4 361: C  
rSmad4 361: C  












hSmad4 541: Q... 
inSmad4 541: Q... 
rSmad4 541: Q... 
Fig 2-6. Alignment of deduced amino acid (AA) sequences of goldfish, common 
carp, human, mouse and rat Smad 4. The asterisks indicate the conserved amino 
acid residues. The shaded gray AA sequence represents the SAD. 
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ATGATTGCGCACTQACAGCAGCAGATCCGAGCTCGTTTCCAQCAGCCCCAGACAGTCGTTTTAGCTTTTCGGTATTTTTTOGATTCCGCG 90 
TCGOCTCGTCTGGAGAAATATTAAAGTCTGQCGTATGAAACGGATCGCGTGCGCTTCTCCTGCTCGCCOTTTCTCCGCCGTTTGCTCTGC 1 8 0 
M F 
GCCTOTGGATTCOGACCTCCGGATCTTCATQACTTGCGGACAAAATGGCCGTTTTGTAGCCGGGGAACCCTCTTGTCGTCCCGCATGTTC 2 7 0 
R T K R S G L V R R L W R S R A P V E G D G D A D T G T R G 
AGGACCAAACGATCGGGGCTCGTCCGGCGACTCTGGAGGAGCCGCGCGCCCGTGGAGGGCGACGGGGACGCGGACACCGGTACGCGCGGT 3 6 0 
G G N A G C C L G K P G A S K P N P G T E A E L K A L T Y S 
GGCGGTAACGCGGOCTGCTGTCTCGGGAAACCGGGCGCCAGTAAGCCGAACCCCGGCACCGAGGCCGAACTGAAAGCGCTQACGTACTCG 4 5 0 
I L K K I K E K Q L E V L L Q A V E S R G G A R S P C L L L 
ATCTTGAAGAAOATCAAGGAGAAGCAGCTGGAGGTGCTCCTGCAGGCGGTGGAGTCCCGCGGGGGAGCGCGGAGCCCCTQCCTCCTCCTA 5 4 0 
MHl 
P Q K A D A R L Q Q Q S L P L P L L L Y K V F R W P D L R H 
CCCOGGAAAOCGGACGCCAGGCTAGGTCAACAOTCGCTCCCGCTCCCGCTOCTGCTCTACAAGGTOTTCCGGTGGCCGGACCTCCGGCAT 6 3 0 
S 3 E L K R L S C C E S Y G K I N P E L V C C N P H H M S R 
TCCTCOGAATTAAAGAGACTTTCGTGCTGTQAATCCTACGGGAAAATCAACCCGOAGCTCGTOTGCTGCAACCCGCATCATATGAGCAGA 7 2 0 
L C E L E S P P P P Y S R Y P T D F L K P P D S P G S V P A 
CTOTOCGAGCTCGAATCCCCCCCACCCCCGTACTCAAGATATCCCACCQATTTTCTCAAACCACCTGATTCTCCAQGTTCTGTGCCTGCT 8 1 0 
S T E T G G T A Y S A P M Q F S D S L A L Q E H G E Q P H W 
TCCACTQAAACTGGAGOAACGACGTATTCGGCCCCTATGGGGTTCTCAGATTCCCTGACTCTTCAAGAGCATGGAGAACAGCCTCACTGG 9 0 0 
C V V A Y W E E K T R V G R L Y S V Q E P S L D I F Y D L P 
TOTOTQOTGGCOTACTOGQAGQAAAAGACCCGTGTTGGQCGCCTCTACTCCGTCCAGGAGCCATCTCTGGACATCTTTTATGACCTACCT 9 9 0 
Q G T G F C L Q Q L A 3 D N K S Q L V Q M V R A K I G Y G I 
CAAGOCACGGOCTTTTGCTTGGGCCAOCTCGCCTCTGACAACAAGAGTCAACTGOTQCAAATGGTTCGGGCCAAGATCGGCTATGGCATC 1 0 8 0 
Q L S R E P D G V W I Y N R S C Y P I F I K S A T L D N P D 
CAGCTCAGCCGGGAACCCQACGGCGTGTGGATATATAACCGGAGTTGCTACCCCATATTCATCAAGTCAGCCACACTGGACAACCCTGAT 1 1 7 0 
MH2 
S R T L L V H K V F P G F S I K A F D F E K A G S L Q R P N 
TCGCGTACGCTGCTGGTGCATAAAGTATTCCCTGGCTTTTCCATCAAQGCCTTCGACTTCGAAAAGGCGGGAAGCCTACAGCGACCCAAT 1 2 6 0 
D H E F S Q Q P R T G F T V Q I S F V K Q W G Q C Y T R Q F 
GACCACGAGTTCAGCCAOCAGCCGCOAACGQQCTTCACCOTOCAGATCAGTTTCGTOAAOGGCRGGGATCAGTACTACACCAGACAGTTC 1 3 5 0 
I 3 S C P C W L E V I F N N R * 
ATCAGCAOCTGCCCCTOCTGGCTGOAGQTCATATTCAATAACCQATAACAGCGAGCCCCACCCCTCACCACGCCCCCCATTCCTTCATGG 1 4 4 0 
1 5 3 0 
1620 
1 7 1 0 
17 8 3 
Fig 2-7. DNA and deduced amino acid sequences of goldfish Smad 7, The 
potential polyadenylation signals (AAUAAA) are boxed, MHl and MH2 
domains are underlined and denoted on the sequence. 
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gSmad? 1 ： MFRTKRSGLVRRLWRSRAP-V E GDGDA——DTG-T--R GG-GNAGC 
zSmad? 1: . .E... . - .T... 
hSmadV 1: A GGEDEE.GAG6.G.G6ELRGE.A.DS.AHGAGG. .P.R... 
mSmad? 1: A GGEDEE.GVGG.G.GGELRGE.A.DG.AYGAGG. .A.R... 
rSmad? 1: A GGEDEE.GVGG.G.GGGLRGE.A.DG.AYGAGG. .A.R... 
******* *********** * * * * * * * * * * * 
gSmadV 61: CLGKP- -GA-S- -KPN-P GTEAELKALTYSILKKIKEKQLEVLLQAVESRGG 
zSmad? 61;.. 
hSmadV 61: AVR. .KGHHH.HP.AAGAGAAG.A. .D H.V. • .L. . R … L 
mSmad? 61: AVR. . KGHHH. HP. TSGAGAAG. A. .D H.V. . .L"R...L  
rSmad? 61: AVR. . KGHHH. HP. SSGAGAAG. A. .D H.V...L..R...L  
* * * * * * * * ***** * *** ** *** ********** 
gsmad? 121: ARSPCLLLPGKADARL--G Q--Q- - -SLPLPLLLYKVFRWPDLRHSSELKRLSCC 
zSmadV 121: .--. . Y  
hSmad? 121:T.TA RL.C. .GP.APAGA.PA.PPS.YS C V...C.. 
mSmadV 121:T.TA RL.C. .GP.APASA.PA.PPS.YS C V...C" 
rSmadV 121:T.TA RL.C. . GP. APASA. PA. PPS. YS C V...C.. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
gSmadV 181:ESYGKINPELVCCNPHHMSRLCELESPPPPYSRYPTDFLKP-PDSPGSVPASTETGGTAY 
zSmad? 181： _ 
hSmad? 181: L M TA.C.DA. .S.A N. 
mSmad? 181: L M TAGC.DA. .S.A N. 
rSmad? 181: L M TA.C.DA. .S.D N. 
***************** ***************** ***** * ** * * * * * * * 
gSmadV 241:SAPMGFSDSLALQEHGEQPHWCWAYWEEKTRVGRLYSVQEPSLDIFYDLPQGTGFCLGQ 
zSmad? 241: R  
hSmad? 241:L. .G.L. . .QL.L.P.DRS C N  
mSmad? 241:L. .G.L. . .QL.L.P.DRS C N  
rSmadV 241:L. .G.L. . .QL.L.P.DRS C N  
* * * * * * * * * ****************** * * * * * * * * * * * * * * * * * * * * * 
gSmad? 301:LASDNKSQLVQMVRAKIGYGIQLSREPDGVWIYNRSCYPIFIKSATLDNPDSRTLLVHKV 
zSmad? 301: ...E A V  
hSmadV 301: .N K " S . " C T. .V V S  
mSmad? 301: .N K"S...C T. .V V S  
rSmadV 301:.N K..S."C T. .V V S  
gSmadV 361:FPGFSIKAFDFEKAGSLQRPNDHEFSQQPRTGFTVQISFVKGWGQCYTRQFISSCPCWLE 
zSinad7 361: 
hSmad? 361: Y...Y M. . .W  
mSmad? 361: Y. . .Y M. . .W  
rSmad? 361: Y...Y M...W  
gSmad? 421:VIFNNR 
zSmad? 421; 
hSmad? 421: S. 
mSmad? 421:....S. 
rSmad? 421： S. 
**** * 
Fig 2-8. Alignment of deduced amino acid sequences of goldfish, zebrafish, 
human, mouse and rat Smad 7. The asterisks indicate the conserved amino acid 
residues. The dashes denote gaps in the alignments 
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gill brain pituitary heart muscle liver kidney ovary testis H2O + _ + _ + 一 + _ + _ + _ + _ + _ 
ActRIB 
Fig 2-9. Tissue distribution of goldfish activin PA (Act^A) and pB subunits 
(ActpB), activin type I B (ActRIB) and type II B (ActRIIB) receptors, Smad 2, 3， 
4 and 7 mRNA. M, marker; (+), with RT; (-)，without RT; H2O, without 
template. 
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Fig 2-10. Validation of the RT-PCR assays for Smad 2，3，4 and 7. (A) Kinetics 
of PGR amplification for Smad 2，3, 4 and 7. The cycle number that generates 
half-maximal reaction was used to analyze the expression level of each gene. (B) 
PGR amplification of cloned Smad 2, 3，4 and 7 cDNA using the cycle number 
obtained from (A). Each value represents the mean 士 SEM of three indenpent^^ 
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Fig 2-11. Time course of goldfish activin B effects on the expression of Smad 2， 
3，4 and? in the cultured goldfish pituitary cells. Cells were cultured with control 
medium or activin (10 U/ml) for different time (1.5，3 or 6 h) before RNA 
extraction. The mRNA expression levels were normalized by P-actin and 
expressed as the percentage of respective control. Each value represents the 
mean 士 SEM of independent RT-PCRs of three replicates. P < 0.05; 
* * , P < O m vs control. 63 
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Fig 2-12. Dose response of goldfish activin B effects on the expression of 
Smad 2，3, 4 and 7 in the cultured goldfish pituitary cells. Cells were cultured 
with different doses of activin B (0-15 U/ml) for 3 h before RNA extraction. 
The mRNA expression levels were normalized by P-actin and expressed as the 
percentage of respective control. Each value represents the mean ± SEM of 
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Fig 2-13. Effects of overexpressing Smad 2 or Smad 3 on the basal and 
activin-induced goldfish FSHjS promoter in the L奸 2 cells. The 
pSEAP/-1744gfFSHj8 promoter construct and the increasing amounts of the 
indicated Smad expression plasmids were transfected into the L/5T2 cells. After 
24 h incubation, cells were treated with control medium or activin (4.5 U/ml) for 
further 24 h incubation. pBK-CMV vector was used to balance the amount of 
DNA when necessary. SEAP activity presents as the percentage of the 
pBK-CMV vector control. **，P < 0.01 vs pBK-CMV control. 
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Fig 2-14. Effects of overexpressing Smad 2，3，4 and 7 on the basal and 
activin-induced goldfish FSHp promoter in the LPT2 cells. Cells were 
transfected with the pSEAP/-1744gfFSHp promoter construct (300 ng/well) and 
either pBK-CMV or indicated Smad expression plasmids (100 ng/well) followed , 
by incubation with control medium or activin (4.5 U/ml) for 24 h. pBK-CMV 
vector was used to balanced the amount of DNA when necessary. SEAP activity 
presents as the percentage of the pBK-CMV vector control. 
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Activin pA Activin pB 
M = H2O ~ = H2O M 
Fig 2-15. RT-PCR assay using primers specific for mouse activin pA and pB 
subunits. M, marker; (+)，with RT; (-) without RT; H2O, without template. 
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Fig 2-16. Effects of dominant negative activin type IIA receptor, ActRIIA(-), on 
the gfFSHjS promoter activity. The ActRIIA(-), pSEAP/-1744gfFSH|3 promoter 
construct and the indicated Smad expression vectors were transfected in the cells. 
After 24 h incubation, cells were treated with control medium or activin (4.5 
U/ml) for further 24 h incubation. pBK-CMV vector was used to balanced the 
amount of DNA when necessary. SEAP activity presents as the percentage of the 
pBK-CMV empty vector control. **，P < 0.01 between ActRIIA(-) and 
pBK-CMV control. 
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Fig 2-17. Effects of activin and follistatin of the gfFSHp promoter activity. 
Cells were transfected with pSEAP/-1744gfFSHp and either pBK-CMV or 
indicated Smad expression vector. The cells were pretreated with follistatin (25 
ng/ml) at the time of transfection. After 24 h incubation, cells were washed and 
then incubated in DMEM and 10% FBS with different combination of drugs: 
activin (4.5 U/ml) and/or follistatin (25 ng/ml). SEAP activity presents as the 
percentage of the pBK-CMV empty vector control. **, P < 0.01 between control 
and activin treated groups in cells transfected with the same DNA; x, P< 0.01 
betwwen activin and follistain treated groups in cells transfected with the same 
DNA. 
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Fig 2-18. Effects of TGppi on the gfFSHp promoter activity. Cells were 
transfected with pSEAP/-1744gfFSHP and either pBK-CMV or indicated Smad 
expression vector. The cells were pretreated with follistatin (25 ng/ml) at the 
time of transfection. After 24 h incubation, cells were washed and then 
incubated in DMEM and 10% FBS with control medium or TGF(31 (5 ng/ml). 
SEAP activity presents as the percentage of the pBK-CMV empty vector control. 
70 
Chapter 3 
Promoter Analysis for the Smad Responsive Element (SRE) in the Goldfish 
Follicle-Stimulating Hormone (FSHjS) Gene 
3.1 Introduction 
Follicle-stimulating hormone (FSH) is a heterodimeric glycoprotein hormone 
consisting of a common a subunit, which is also shared by luteinizing hormone (LH), 
and a hormone-specific /? subunit (Pierce and Parsons, 1981). FSH is an essential 
regulator of gonadal development and function in vertebrates including teleosts. 
FSH is produced, along with LH, in the pituitary gland and its biosynthesis is 
primarily determined by the expression of the (3 subunit (Shupnik, 1996). FSH is 
mainly regulated by gonadotropin-releasing hormone (GnRH) from the 
hypothalamus (Belchetz et al , 1978; Carmel et al., 1976; Crowley et al., 1985)，sex 
steroids from the gonads (Shupnik, 1996), and paracrine/autocrine factors in the 
pituitary such as activin and its binding protein follistatin that neutralizes activin 
action (Ling et a l , 1986b; Vale et al , 1986; Krummen et al., 1993). 
Although FSHjS mRNA expression is regulated by GnRH which suppresses the 
expression at high frequency but favors the expression at low frequency (Dalkin et 
al., 1989; Jayes et al., 1997)，evidence is now emerging that activin is a key local 
factor involved in the process. In the rat, activin stimulates FSH secretion from 
pituitary cells that have been desensitized to GnRH (Schwall et al.，1988). On the 
other hand, the stimulatory effect of GnRH on FSH/3 mRNA expression can be 
blocked by follistatin in a rat pituitary perfusion system (Besecke et al., 1996) and in 
the LI3T2 cells (Pemasetti et al., 2001)，suggesting that the GnRH regulation ofFSH/3 
expression is, at least partially, activin-mediated. 
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Activin also plays a critical role in mediating the feedback of gonadal steroids on 
FSH biosynthesis. In rat pituitary cell culture, activin acts as a mediator of the 
positive feedback action of progesterone and testosterone on FSH production as 
follistatin blocks the FSH release induced by these steroids (Bohnsack et al., 2000). 
On the other hand, the negative feedback of gonadal steroids at the pituitary level has 
been demonstrated by increased FSH synthesis and release after ovariectomy in rats 
(Counis et al., 1983; Kitahara et al., 1991). Interestingly, the expression of activin 
PB subunit in the pituitary also increases after ovariectomy and the postovariectomy 
increase of FSH secreion can be blocked by injection with an anti-activin antibody 
(DePaolo et a l , 1992). 
In rats, both in vitro and in vivo studies have demonstrated that activin stimulates 
FSHp expression and FSH secretion in the pituitary (Carroll et al., 1989; Woodruff et 
al., 1993; Lee and Rivier, 1997). In teleosts, activin also stimulates the FSHp 
mRNA expression in tilapia (Yaron et al., 2001) and goldfish (Yam et al., 1999a). 
These data strongly suggests that activin is a critical local modulator of FSHp 
transcription and hormone secretion across vertebrates. Although activin was first 
identified as an FSH stimulator from the ovary and its action on FSHp expression 
and secretion is well conserved in vertebrates from fish to humans, its mechanism of 
action remains poorly understood. 
Activin, like other TGF(3 superfamily proteins, transduces its signals by 
interacting with the transmembrane type I and type II serine/threonine kinase 
receptors followed by activation of intracellular signaling proteins, Smads. Activin 
first binds to its type II receptors, which then activates a type I receptor through the 
formation of a type I-type II receptors complex (Mathews, 1994). The 
activin-receptor complex, in turn, phosphorylates receptor-regulated Smads 
(R-Smad), Smad 2 or Smad 3 (Macias-Silva et al , 1996; Kretzschmar et al., 1997). 
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The R-Smads then form heteromeric complexes with a common-partner Samd 4 
(Co-Smad) and translocate into the nucleus where they function as transcriptional 
factors to control the expression of target genes (Macias-Silva et al., 1996; Zhang et 
al., 1996; Kretzschmar et al., 1997; Nakao et al., 1997b). In addition to these signal 
transducing Smads, an inhibitory Smad (I-Smad), Smad 7，has also been identified 
that blocks the activation of these R-Smads (Hayashi et al., 1997; Nakao et al., 1997a; 
Ishisaki et al., 1998). 
Smads exert their transcriptional regulatory activity by interacting with specific 
DNA elements together with other specific transcription factors (Shi and Massague, 
2003). Smad 3 and Smad 4, but not Smad 2, have the ability to bind to the specific 
DNA sequence (5’-AGAC-3, or 5,-GTCT-3’），also called Smad binding element 
(SBE), through their N-terminal MHl domain (Dennler et al., 1998; Shi et al., 1998; 
Zawel et al” 1998; Chai et al , 2003). Smads also interact with various transcription 
factors to elicit specific gene expressions in different cell types. These Smad 
partners include forkhead activin signal transducer (FAST) protein (Chen et al.， 
1996a; Chen et al., 1997; Labbe et al , 1998)，activating protein-1 (AP-1) 
transcriptional complex (Jun/Fos) (Zhang et al., 1998; Liberati et al., 1999; Wong et 
al., 1999)，CREB binding protein (CBP) and its homolog p300 (Feng et al.，1998; 
Janknecht et al., 1998; Pouponnot et al , 1998; Topper et al., 1998). 
Recent studies using the LpT2 cells transfected with the rat and ovine FSHp 
promoters demonstrated that Smads mediate the activin-induced transcription 
(Dupont et al., 2003; Suszko et al., 2003). In the goldfish, results from Chapter 2 of 
this study have shown that activin also acts on the gfFSHp promoter for its 
stimulation of the FSHp expression through the Smad signaling pathway, especially 
the one mediated by Smad 3. To identify and localize the element(s) that are 
responsible for Smad-mediated goldfish FSHp transcription, I have performed 
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promoter analysis using the LpT2 cells. A potential activin or Smad responsive 
element has been localized at the proximal region of the promoter. In addition, my 
evidence also points to the existence of multiple Smad responsive elements in the 
promoter. 
3.2 Materials and Methods 
3.2.1 Chemicals 
All chemicals were purchased from Sigma (St. Louis, MO), enzymes from 
Promega (Madison, WI) and media for cell culture from Gibco BRL (Gaithersburg, 
MD) unless otherwise stated. 
3.2.2 Construction of expression plasmids 
The expression constructs of Smad 2, Smad 3，Smad 4 and Smad 7 for 
overexpression have been described previously in Chapter 2. 
3.2.3 Construction of SEAP reporter plasmids containing different lengths ofgfFSH^ 
promoter 
The reporter plasmid pSEAP/-1744gfFSH/3 containing gfFSHjS promoter and the 
reporter gene SEAP was constructed by ligating the gfFSHjS promoter region (1744 
bp fragment) into the promoterless pSEAP2-Enhancer reporter plasmid (Clonetech, 
Palo Alto, CA) at the EcoRI and Xhol sites as described in Chapter 2. The reporter 
plasmids containing different lengths of gfFSH/? promoter were generated by PCR 
using pSEAP/-1744gfFSH|S as the template. All sense primers and antisense 
primers were designed with Xhol and EcoRI restriction sites added, respectively. 
The promoter fragments of different lengths were amplified by PCR on the Thermal 
Cycler 9600 (Eppendorf, Hamburg, Germany) in 1 X Pfu buffer, 0.2 mM dNTPs, 0.2 
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/xM each primer and 3 U Pfu DNA polymerase in a final volume of 50 [il The PGR 
profile included an initial denaturation at 94°C for 4 min, followed by 30 cycles at 
94°C for 30 sec, 56°C for 30 sec and 72°C for 4 min, and a final extension for 10 
min at 72°C. All amplified products were digested with Xhol and EcoRI restriction 
enzymes followed by subcloning into the pSEAP2-Enhancer reporter plasmid at the 
respective restriction sites. 
3.2.4 Cell culture and transient transfection 
L/3T2 cells were cultured in DMEM medium (Gibco BRL) with 10 % fetal 
bovine serum (Hyclone Laboratories, Logan, UT) at 37°C with 5 % CO2. Cells 
were subcultured 24 h before transfection in a 24-well plate and cotransfected with 
the pSEAP/gfFSH/? reporter plasmids of different lengths, the Smad expression 
plasmids and the internal control plasmid pSV-jS-Gal using Lipofectamin™ 2000 
transfection reagent (Invitrogen Corporation, Carlsbad, CA) according to the 
manufacturer's protocol. Briefly, two /xl transfection reagent was diluted with 50 /xl 
serum-free medium and incubated at room temperature for 5 min. The diluted 
transfection reagent was then added to the microtube containing 300 ng of each 
expression plasmid and 500 ng pSV-jS-gal in 50 /xl serum-free medium and mixed 
well by pipetting. After incubation at room temperature for 20 min, the mixture 
was added drop-wise to the cells. The transfected cells were incubated for 48 h 
before SEAP and /3-Gal reporter gene assay. 
3.2.5 Reporter gene assays for SEAP and ^-Gal 
The assays for SEAP and /?-Gal have been described previously in Chapter 2. 
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3.2.6 Data analysis 
SEAP activity values were normalized by the p-Gal activity in the same well to 
control the variation in transfection efficiency. All the treatment were done in 
triplicate in each experiment, and each experiment was repeated at least twice to 
confirm the results. All values are expressed as the mean 士 SEM. 
3.3 Results 
3.3.1 Localization of the proximal Smad responsive element (SRE) in the gfFHSp 
promoter 
As shown in the previous chapter, the pSEAP/-1744gfFSHp promoter responded 
strongly to the overexpression of Smads, particularly Smad 3，in the LpT2 cells, 
suggesting the presence of Smad regulatory elements in the promoter region 
examined (Fig 3-1). To localize the potential regulatory elements, I further 
examined the effect of Smad 3 on the activity of gfFSHp promoter with decreasing 
size. In this experiment, pSEAP/gfFSHp promoter constructs with different lengths 
and the plasmids expressing goldfish Smad 2 or Smad 3 were co-transfected into the 
LpT2 cells. The construct pSEAP/-1744gfFSHp and the promotermless 
pSEAP2-Enhacer vector acted as the positive and negative control, respectively. As 
shown in Fig 3-2，pSEAP/-1744gfFSHp produced the highest basal activity and also 
exhibited the strongest response to the overexpression of goldfish Smad 2 and 3. 
Consistent with the result present in the Chapter 2, the effect of Smad 3 on the 
expression of pSEAP-1744gfFSH(3 is much higher than that of Smad 2. The basal 
expression of SEAP driven by the gfFSHp promoter decreased gradually as the 
length of the promoter decreased. Similarly, the effects of Smad 2 and Smad 3 on 
gfFSHp promoter activity also declined with the decreasing size of the promoter. 
However, the overexpression of Smad 3 resulted in much higher activation than 
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Smad 2 at all sizes of the promoter tested. Although the basal and Smad 
2/3-induced promoter activity exhibited a general trend of decline with the 
decreasing size of the promoter, significant drops were noticed at certain locations, 
including -1744/-1563, -1000/-900，-700/-600，-500/-400，and particularly, -300/-200 
(bp upstream of the potential transcription start site which is designated +1). 
Among them, the decrease in SEAP activity was most obvious after deletion of 
fragments -1744/-1563 and -300/-200 and there is no significant difference between 
pSEAP/-200gfFSHi3 and promoterless pSEA2-Enhancer vector control. 
To further define the Smad responsive element(s) in the regions described above, 
further deletions were generated within these regions and tested. In this experiment, 
only Smad 3 was used to activate the promoter because its stimulatory effect is much 
higher than that of Smad 2. As presented in Fig 3-3A, the deletions from -300 to 
-220 did not affect Smad-induced transcription. However, further deletion down to 
-200 resulted in a significant drop of Smad-induced activity, which was comparable 
to the vector control (Fig 3-2). Similarly, the deletions from -900 to -640 caused no 
significant change of SEAP activity while the SEAP activity abruptly dropped after 
deletion was made down to -620. Further deletions from -620 to -500 caused no 
further change of transcription activity (Fig 3-3B). However, further deletions from 
-1000 to -900，and from -500 to -400 produced no significant decrease of SEAP 
activity (data not shown). 
To test the functionality of the potential Smad responsive elements located 
beyond —244，a series of constructs were made with the regions -1662/-244, 
-1662/-574 and -1662/-911 directly ligated to the reporter gene SEAP (Fig 3-4). 
The construct pSEAP/-1662gfFSHi8 was used as the positive control, and it exhibited 
considerable basal activity and strong response to Smads, particularly Smad 3 as 
demonstrated before. However, none of the constructs with the proximal regions, 
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-244, -547 and -911, deleted exhibited any basal or Smad 2/3-induced SEAP activity. 
3.4 Discussion 
Activin is a growth and differentiation factor expressed in almost all tissues 
(Meunier et a l , 1988), where it has diverse biological functions (Mather et al., 1997). 
In the pituitary, activin is a key modulator of FSHp expression and FSH secretion 
(Ling et al.，1986a; Ling et al., 1986b; Vale et a l , 1986; Weiss et a l , 1995; Weiss et 
al.，1992). In the goldfish, our previous results have demonstrated that activin 
stimulates FSHp expression (Yam et a l , 1999a) and its stimulatory effect has been 
shown to be exerted at the promoter level (Ge et al., 2003). Also, the results from 
the previous chapter of this study has shown that the stimulation of gfFSHp 
expression by activin is likely mediated through the Smad signaling pathway, 
particularly the one involving Smad 3. The present study aimed at identifying the 
Smad responsive elements (SRE) on the gfFSHp promoter by investigating the effect 
of Smads on the activity of pSEAP/gfFSHp promoter of different lengths in the LPT2 
cells. 
The Smad-induced SEAP activity decreased gradually as the length of the 
promoter decreased. However, several significant drops in SEAP activities were 
observed when regions -1744/-1563, -640/-620 and -220/-200 were deleted (Fig 3-1, 
3-3A, B). These data suggest that the gfFSHp promoter may contain multiple SREs, 
which are likely located in these regions, particularly -1744/-1563 and -220/-200 
regions whose deletion produced the most noticeable decline in the promoter activity. 
Interestingly, a parallel decrease in basal SEAP activity was also noticed with the 
decreasing length of the promoter, suggesting that the endogenous activin and Smads 
might be responsible for the basal expression as demonstrated in the previous study 
(Chapter 2) by the observations that follistatin and the dominant negative activin type 
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IIA receptor both blocked the basal and Smad-induced gfFSH|3 transcription in the 
absence of exogenous activin. 
Smads proteins are critical intracellular mediators of activin signaling (Shi and 
Massague, 2003). The N-terminal MHl domains of Smad 3 and Smad 4 are able to 
bind to specific DNA sequence (5，-AGAC-3’ or 5'-GTCT-3') termed SBE to 
regulate their target gene transcription (Chai et al., 2003; Dermler et al., 1998; Shi et 
al., 1998; Zawel et al., 1998). One or more SBE sequences have been identified in 
several activin (Jonk et al., 1998; Nagarajan et al., 1999; Suszko et al., 2003) and 
TGpp-responsive promoters (Dennler et al., 1998; Hua et al , 1999; Vindevoghel et 
al., 1998; von Gersdorff et al., 2000). In addition to binding to SBE, Smad proteins 
can also serve as co-activators to interact with other DNA-binding transcription 
factors to control gene transcription (Attisano and Wrana, 2000). Sequence analysis 
of the -1744/-1563 region of the gfFSHp promoter has shown that two putative SBEs 
(5，-AGAC-3，）exist in the gfFSHp promoter at-1715 and -1675 bp, respectively (Fig 
3-5A). In the same region, four AP-l-like sites can be identified at -1743，-1710, 
-1685 and -1565 positions (Table 3-1). Interestingly, the two putative SBEs are 
SBE AP-1 
located near or even overlap with the AP-l-like sites (5’AGACC|TGAGTAA|~3，and 
AP-l SBE 
5 ’-|AGAGTCA|GAC-3 ’at -1715 and -1675 positions, respectively). As described, 
the Smads bind SBE to exert their activities, this short (4 bp only) sequence, however, 
can be found on average once every 256 bp bp) in the genome. Also, the 
binding affinity of Smad to SEB is not high (Shi et al , 1998). These suggest that 
the presence of a SBE alone in the promoter of a gene is not sufficient for activin or 
Smads to regulate gene expression, and other associated cw-regulatory elements such 
as AP-1 may play important roles in assisting the Smads in their controlling promoter 
activities in terms of both strength and specificity of the action. Similar situation 
has been found in mouse GnRH receptor (mGnRHR) promoter where a SBE site 
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overlaps with AP-1 site (Norwitz et al., 2002). In this study, it was demonstrated 
that Smads and AP-1 proteins bound to the overlapping elements to stimulate the 
activin-mediated transcription of the mGnRHR gene. 
In the -220/-200 region, although no putative SBE element has been found, this 
region has been shown to respond to Smad in enhancing gfFSH|3 transcription, 
suggesting the existence of Smad regulatory element in this region. Sequence 
analysis of gfFSHp in this region has also revealed two addition potential AP-1 sites 
at -213/-207 and -168/-162 regions (Table 3-1). As shown in Fig 3-5B, the 
sequences and locations of the two AP-1-like sites are surprisingly similar in the 
FSHp promoter of all vertebrates analyzed. Interestingly, the most conserved 
sequence is a 4-bp sequence (5'-AACA-3') at position -218/-215 which locates just 
？ AP-1 
before the AP-1- like site (5 ’-AACACffGACCTl1-3 ’ at -218 position). This 
sequence has also been found at the 3'-end of two overlapping regulatory elements 
SBE AP-1 ？ 
(5，-GTICTAGTCACIAACA-3，) as descrided by Norwitz et al. (2002). Norwitz et al. 
(2002) have demonstrated that this element is necessary for activin responsiveness 
and believed that the activated Smad proteins interact with its transcription partners 
to form a multifactoral complex known as the Activin-Responsive Factor (ARF) 
which in turn bind to this element. As mentioned, Smad and AP-1 complex can 
bind to this element but the 4-bp sequence (5'-AACA-3') is not the binding site of 
the Smad and AP-1 complex. Thus, it was proposed that other transcriptional 
factor(s) may bind to this 4-bp regulatory elements and interact with the 
Smad/AP 1 -complex to form ARF to achieve the maximal activin-induced response 
of the gene (Norwitz et a l , 2002). This 4-bp sequence identified in the gfFSHp 
promoter is absolutely conserved between the species examined (Fig 3-5B). It is 
possible that this 4-bp sequence combines with the AP-1 site to form a Smad 
regulatory element which is bound by ARF. To test this hypothesis, a series of 10 
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two-bp transversion mutation primers in -220/-220 have been designed (Fig 3-6) and 
will be tested in the near future. 
Table 3-1. Consensus and non-consensus AP-1 sites 
Promoter AP-1 site Reference 
Consensus TGAGTCA (Lee et al., 1987)  
TGACTCA  
Interleukin-2 TCAGTCA (Jain et al., 1992) 
SV4Q TTAGTCA (Angel et al.，1987) 
c-Fos TGCGTCA (Fisch et al.，1989) 
HPV 16 TGTGTCA (Chong et al.，1990) 
p ^ TGACACA (Kushner et al., 1994) 
Transferrin receptor TGACQCA (Casey et al., 1988) 
TGFp TGAGACG (Kim et al., 1989) 








The underlined letters represent mismatches from the consensus AP-1 site. Boldfaced AP-1 sites 
represent functional non-consensus AP-1 site. 
To identify the functional regulatory element, a minimal region of the promoter 
must be identified to generate a synthetic reporter construct with the minimal 
promoter region and the putative Smad regulatory element(s) added individually or 
in combination. As shown in Fig 3-4，the transcription activity was completely lost 
after deletion of 3'-end proximal region of the gfFSHp promoter. It indicates that 
the proximal sequence between -247 and +19 has essential element(s) for basal 
transcription activity. Sequence analysis revealed that a putative TATA homology 
element is located at -30 for initiation of transcription. As a putative SRE has been 
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identified at position -220/-200 while the construct pSEAP/-200gfFSHp showed no 
response to Smad 2 or 3 compared with the negative control, a potential minimal 
gfFSHp promoter (-200/+19) has been used to identify the putative SRE. 
Preliminary results showed that, a synthetic reporter construct, that combines the 
-1662/-574 and -200/+19 regions, showed strong response to Smad 3 (data not 
shown). Thus, a minimal gfFSHp promoter region (-200/+19) will be a useful tool 
to confirm the putative Smad regulatory elements identified in different regions of 
the gfFSHp promoter. Other approaches such as electrophoretic mobility shift 
assay (EMSA) will also be used to characterize the putative elements and to identify 
the transcriptional factors that bind to these sequences. 
In conclusion, several potential cw-regulatory elements responsible for activin or 
Smad-induced promoter activity have been identified in the gfFSHp promoter, which 
represents one of the first studies in vertebrates. Since fish are the most primitive 
group of vertebrates, the results from the present study provide valuable information 
about the fundamental mechanisms involved in the regulation of FSH biosynthesis 
and the evolution of such mechanisms in vertebrate history. 
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- 1 2 4 ggggatttgtgccacctccacaaaagcaaacgcagtagtatgataagacatggctgctctcaactagatgtgggcgtcacg 
+ 1 
-43 tc tgacaggagggtataagtgtccacataaac tgagc tgaaag|G^TTTGTCTCAQCGAAAC| 
Fig 3-1. Nucleotide sequence of the 5'-flanding region of gfFSHp gene. Partial 
sequence of exon 1 is shown in capital letters and the major transcription sart site 
(+1) is indicated. The sequenced reported by Sohn et al (1998) is shown in 
black color while the region further sequenced in our laboratory by Ko (2002) is 
shown in blue color. 
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Fig 3-2. Localization of potential Smad responsive elements in the gfFSHp 
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Fig 3-3. Localization of potential Smad responsive elements in the gfFSHp 
promoter. (A) in the -300 to -200 region; (B) in the -900 to -500 region. The 
SEAP activity is presented as the percentage of the pBK-CMV vector control. 
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Fig 3-4. Evidence for a minimal proximal region required for gfFSHp promoter 






AP-1 site SBE AP-1 site 
-1665 
ggatatac|AGAGTCA|GACagaagca 
AP-1 site SBE 
V 
-213 -168 
VDJ Goldfish 5 ‘ -GCAGAACAC TGACCTT 5AAAACATCAG CCTGTTCC rGTCTAA3CTCTTCC-3' 
-120 -83 
Ovine 5 ‘ -TCCAAACACRCATTCA:TTACAGCAAG CACCGCTCFTACTAAFACCCAAC-3‘ 
-120 -83 
Bovine 5‘-TCCAAACAC TGATTCA:TTACAGCAAG C A T T G C T C T T A C T A A T A T T T A A C-3‘ 
-117 -80 
Porcine 5 ‘ - TCTAAACAC rCATTCA :TTACAGCCAG CATTGATC ITACTAA rACCCAAC - 3 ‘ 
-117 -80 
Human 5 ‘ -TCTAAACAC rOATTCA :TTACAGCAAG CATTGGTC • T T A A rACCCAAC- 3 ‘ 
-125 -88 
Rabbit 5 • -TCTAAACACrOATTCAZTTACAGCAAG CACCGATTATACTAArACCCAAC-3‘ 
-106 -69 
Rat 5 ' - TCTAAACAA FGATTCC :TTTCAACGGG TATTGGTC R.CGTTAA ZACCCAGT - 3 ‘ 
Fig 3-5. The putative Smad responsive element in the gfFSHp promoter. (A) 
DNA sequence of the gfFSHp promoter from -1744 to -1665. The boxed 
sequences represent AP-1-like sites. Putative sequences of SBEs are shaded gray. 
(B) Sequence comparison of the -213 and -168 sites in the gfFSHp promoter with 
the similar region of FSHp promoter from six other mammalian species: ovine, 
bovine, porince, human, rabbit and rat. Boxed sequences represent the two 
AP-1-like sites. Red letters represent the sequences fully conserved between the 
species examined. 
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Wild type 5 ‘ -AGAACACTGACCTTGAAAAC - 3 , 
Mutant 1 5 ‘ - CTAACACTGACCTTGAAAAC - 3 ‘ 
Mutant 2 5 ‘ -AGCCCACTGACCTTGAAAAC - 3 ‘ 
Mutant 3 5 ‘ -AGAA^CTGACCTTGAAAAC - 3 
Mutant 4 5 ‘ -AGAACAAGGACCTTGAAAAC - 3 ‘ 
Mutant 5 5 ‘ -AGAACACTTCCCTTGAAAAC - 3 ‘ 
Mutant 6 5 ' - AGAACACTGAAATTGAAAAC - 3 ‘ 
Mutant 7 5 ‘ -AGAACACTGACC^GAAAAC - 3 ‘ 
Mutant 8 5 ‘ -AGAACACTGACCTTTCAAAC - 3 ‘ 
Mutant 9 5 ‘ -AGAACACTGACCTTGACCAC - 3 ‘ 
Mutant 10 5 ' -AGAACACTGACCTTGAAACA- 3 ‘ 





In the pituitary, the gonadotropin hormones, namely follicle-stimulating hormone 
(FSH) and luteinizing hormone (LH), are essential components of vertebrate 
reproductive regulation. The two gonadotropins are heterodimeric proteins 
consisting of a common a subunit and a unique p subunit which confers biological 
specificity to each hormone and may be a target for the regulation of the hormone 
biosynthesis (Carroll et a l , 1989; Shupnik, 1996; Weiss et al., 1995). Although 
activin was first identified as an FSH stimulator and both in vivo and in vitro studies 
have demonstrated that activin plays a critical role in the differential regulation of 
gonadotropin biosynthesis in vertebrates including fish (Carroll et al., 1989; Lee and 
Rivier, 1997; Woodruff et a l , 1993; Yam et al., 1999a), the mechanism of its action 
remains largely unknown. It is mainly due to the lack of differentiated 
FSHp-expressing cell lines. Recently, a mouse gonadotrope cell line, L(3T2，was 
established by targeted oncogenesis in transgenic mice (Alarid et a l , 1996) and has 
proven to be a very useful tool to study the molecular mechanisms underlying the 
regulation of FSHP expression. By using LpT2 cells, we have demonstrated that 
goldfish FSHp promoter functions in driving the expression of SEAP reporter gene 
and activin B stimulates the gfFSHp transcription at the transcriptional level (Ge et 
al., 2003). As activin exerts its action by activation of its intracellular mediator, 
Smads, it is likely that Smads are involved in the activin-stimulated gfFSHp 
transcription. As the first step to understand activin regulation of goldfish FSH(3 
transcription, I first cloned the goldfish Smad proteins that are potentially involved in 
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activin signaling, including Smad 2，Smad 3，Smad 4 and Smad 7，and then 
investigated the roles of these Smads in the regulation of goldfish FSHp transcription 
and identified the potential Smad regulatory elements in the gfFSHp promoter using 
the LpT2 cells. 
4.2 Contribution of the Present Research 
4.2.1 Cloning and characterization of Smad proteins from the goldfish pituitary 
To understand activin regulation of goldfish FSH(3 transcription, I have cloned 
the full-length cDNAs of the goldfish Smad proteins that are potentially involved in 
activin signaling, including Smad 2，Smad 3，Smad 4 and Smad 7. Based on the 
amino acid sequence analysis, all the Smads are highly conserved across vertebrates 
including humans, suggesting critical roles for these proteins in intracellular 
signaling. Together with the cloned Smad cDNAs, most of the activin family 
components including activin subunit (pA and pB), its receptors (Activin type I and 
type II receptors) and its binding proteins (follistatin) have been cloned in goldfish in 
my laboratory. I have demonstrated that activin, its receptors and the Smad proteins 
are expressed in various tissues examined, suggesting that activin serves as a local 
factor to promote different functions while the Smad proteins may be essential 
mediators of activin signaling in these tissues. Therefore, cloning of Smad proteins 
may help us to reveal the roles of activin in different tissues and the mechanism 
underlying activin actions at the transcriptional level. 
- 4.2.2 Regulation of Smads in primary pituitary cell culture 
As the regulation of Smad proteins by TGFp is well demonstrated (Li et al., 1997; 
Poncelet et al., 1999; Wu et a l , 2001; Yanagisawa et al.，1998), it prompted us to 
study if activin plays any role in regulating the expression of Smads. My evidence 
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demonstrated that activin B significantly up-regulated the mRNA expression of 
Smad 3 and Smad 7，but not Smad 2 and Smad 4，in cultured goldfish pituitary cells. 
As Smad 3 is an activin signaling mediator (Baker and Harland, 1996; Chen et al” 
1996b)，while Smad 7 is an inhibitory Smad that blocks activin signaling (Hayashi et 
al., 1997; Ishisaki et al., 1998; Nakao et al., 1997a), the induction of Smad 3 and 7 
expression may represent a positive and negative feedback loop in regulating activin 
signaling, respectively. It would be interesting to identify other potential factors 
that regulate Smad proteins, and these factors may play roles in modulating the 
pituitary responsiveness to activin, which in turn influence the expression of other 
target genes. A recent work from my laboratory showed that activin suppressed 
goldfish LHP expression, and the LHp responsiveness to activin exhibited significant 
seasonal variation during the reproductive cycle (Yuen and Ge, unpublished). 
Whether Smad proteins are involved in this is obviously an interesting issue to 
address in the future. 
4.2.3 Identification of the Smad responsive element (SRE) on the gfFSHp promoter 
To investigate the roles of Smad 2, Smad 3，Smad 4 and Smad 7 in the regulation 
of goldfish FSHp transcription, the effects of overexpression of Smad 2 and 3 on the 
basal and activin-induced gfFSHp promoter activity in the L(3T2 cells (Aland et al , 
1996) was examined using transient transfection. Using LPT2 cells, I have 
analyzed the potential roles of each Smad proteins in the regulation of gfFSHp 
promoter activity with regard to the stimulation by activin. The overexpression of 
Smad 2 or Smad 3 significantly enhanced while overexpression of Smad 7 reduced 
the activin-induced gfFSHp transcription. Also, the Smad 4 exhibited an enhancing 
activity when co-transfected with Smad 2 and Smad 3 on the FSHp promoter. Thus, 
my results suggest that these Smad proteins are likely involved in activin regulation 
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of FSHp. Interestingly, when comparing Smad 2 and Smad 3，Smad 3 exhibited 
much more potent effect in enhancing the promoter activity of gfFSHp, suggesting 
that it is likely Smad 3 that serves as the principal signaling molecule in activin 
stimulation of gfFSHp expression. Although Smad proteins have also been cloned 
in the zebrafish (Pogoda and Meyer, 2002) and carp，the present study represents the 
first that functionally characterizes these proteins in activin signaling in fish. 
It was also found in the present study that the LpT2 cells also produce activin, 
and the endogenous activin plays a significant autocrine role in regulating the 
gfFSHp transcription in the cells. This notion is supported by several lines of 
evidence. First, in the absence of exogenous activin, it was found that the basal 
FSHp transcription is increased by overexpression of R-Smads while reduced by 
overexpression of Smad 7. Secondly, in the LpT2 cells, the activin PB subunit 
mRNA has been detected using RT-PCR assay in both the present study and the 
study reported by Pemasetti et al. (2001). Finally, the administration of follistatin 
or overexpression of a kinase-defective goldfish activin type II A receptor which acts 
as a dominant negative mutant to block activin action (So and Ge, unpublished) 
decreased both the basal and activin-induced FSHp transcription. Taken together, 
these data strongly suggest that LpT2 cells produce activin which, in turn, activates 
its receptors and the downstream mediators, Smads, to increase FSHp transcription. 
Considering that the stimulatory effect of activin on the gfFSH(3 is mediated by 
Smad proteins at the promoter level, I further performed promoter analysis to 
localize the potential Smad regulatory elements on the gfFSHp promoter. In the 
present study, several potential sequences, -1744/-1563, -640/-620 and -220/-200, 
that respond to Smad 3，were identified in the gfFSHp promoter. A careful 
examination of the sequence between -1744 and -1563 reveals two putative Smad 
SBE AP-1 AP-I SBE 
regulatory elements (5,AGACCtrGAGTAA|-3，and 5，-|AGAGTCA|GAC-3,at -1715 
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and -1675 positions, respectively) in the region. Another putative regulatory 
？ AP-1 
element (5 ’-AACAC|TGACCTT|-3 , at -218 positions), also responding to Smad, was 
found in the -220/-200 region. The proposed model for Smad-mediated 
transcription of the gfFSHp gene is shown in Fig 4-1，which represents one of the 
first ones in vertebrates if confirmed. 
4.3 Future Research Direction 
Although the present study has revealed the roles of cloned Smads in the 
regulation of FSH by activin, further work is required to fully understand the 
regulation. For the potential Smad regulatory elements, site-directed mutation can 
be used to further confirm the regulatory elements and electrophoretic mobility shift 
assay (EMSA) will be useful in identifying transcriptional factors which bind to 
these sequences. Furthermore, as descried, our previous studies have shown that 
recombinant goldfish activin B stimulates FSHp expression but suppresses LH|3 
expression (Yam et a l , 1999a). The cloned Smads would be useful tools for 
understanding the roles of these signal transducing proteins in activin suppression of 
goldfish LHP transcription as well as in other activin-regulated physiological events. 
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